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AUTHOR'S PREFACE. 



This book is mainly devoted to an account of the physical and 
chemical properties of the various types of glass which have 
up to the present been produced at the Jena Glass-making 
Laboratory, and to an indication of their scientific and industrial 
applications. The experimental and theoretical investigations 
relating to these glasses which are scattered through various 
journals, or have been published as separate monographs, are so 
numerous that a comprehensive summary of them has for some 
time been urgently needed. 

When I undertook this task, I had no intention of limiting 
its scope to the Jena glasses. But the' number of published 
investigations relating to other glasses admitting of definite 
identification is so small that, though they have received the 
same treatment, they form only an insignificant fraction of 
the whole. 

If the plan of the book is somewhat out of the common, this 
is only in accordance with the special character of its subject. 



H. HOVESTADT. 



MthfSTER, Isl Jan,, 1900. 



TRANSLATORS' PREFACE. 



Ik endeavouring to present Ur. Hovestadl'a work iu ihe clearest 
form to English readers, the transliitors have aimed at giving 
the spirit rather than the letter of the original. They have 
nsd it convenient, in many cases, to recaat sentences ami to 
Ipp]}' missing steps in algehraic proofs. Brief explanations 
! occasionally been interpolated, and condensation has been 
tDployed in dealing vrith a few matters of verj' subordinate 
t«re8t ; doe intimation being given of all material changes, 
ditions are indicated by square bracket* or by the initials 
! of the translators. In many cases the original memoirs 
been consulted us a security against misapprehension. 
I abbreviateil designations " Reichsanstalt." " Standards Com- 
and "Bureau International" are substituted for the 
titles " physikalisch-technische Reichsanstalt," " Normal- 
It aiigs-K on i mission," and " Bureau International des Poids 
Uesares." 

rh« Appendix includes a summary of more recent investiga- 
, kindly furnished by Dr. Hovestadt for this edition ; also 
WW Catnlofjue of Jena Optical Glasses issued in 1902. 
introducea radical changes, 
rbe Table of Contents is intended to give a clear idea of 
' scope and arrangement of the book. The Index will 
^it the quick finding of any desired item, 
"he translators desire to acknowledge their obligations to 
teral friends for information and advice on various points ; 
Kinlly to Mr. H. J, I'owell and Mr, W. Rosenhain, who 
guided them in dealing with the technicalities of glass- 
I making. 

J. D. EVERETT. 
A. EVERETT. 
Balinu, Oct.. 19ft!. 
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A spectroscopic examination by Abbe gave ii= 1*507 for the 
index of the D line. This is only a little less than the index 
of ordinary silicate crown, and there was therefore nothing 
remarkable about the glass in this respect. A reliable deter- 
mination of the dispersion was impossible owing to the numerous 
veins present. 

Two other lithium glasses made by Schott had the following 
compositions : 

11. 

Recipe. Oaloalated Composition of Resulting Glass. 

SiO^ 1200 g. SiO^ 73-71% Formula. 

Na^COj 42-4 Na^O 15-23 iVNa^Ol^ 

LigCOg 44-4 LijO 1106 ALi^OJ-^^^^ 



206-8 g. 



III. 



Recipe. Calculated Composition of Resulting Glass. 

SiOg 240-0 g. SiOj 73-04% Formula. 

NajCOg 850 Na^O 15-09 ANa^OK^.^ 

LigCOg 1000 LigO 11-86 i^Li^O J "' « 

4250 g. 



Both these glasses had a somewhat greenish tint, but seemed 
otherwise clear and good. During melting, the mixture, while at 
white heat, was stirred four or five times, at intervals of 15 to 30 
minutes, with a tube of unglazed clay, the quality of the glass 
being thereby much improved. 

Information as to the optical results is contained in the 
following extract from a letter of Abbe*s to Schott relating 
to preliminary testing: 

" Though the material is still far from being entirely homo- 
geneous, as you will see on inspecting the polished pieces, it is a 
great improvement on previous specimens. Among the frag- 
ments of No. III., I even found a prism from which I was able, 
with a little trouble, to get an accurate determination of the 
dispersion in various parts of the spectrum. I found for the 
absolute index of the B line 



nn= 1-5181, 



I 




\ 



INTBODUCTION. 



IS 



I for the difTemiicea between the Unea B. D. E, F, 0: 

|Mg_„^= 0-00687. 
= 000793. 
) differences are reliable lo 1 or 2 units nf the last deeimat 



^ 



«/,-"fl = 000358\ 
Mj-„j = 0-00329/' 
rt,-7.g=0'00280l 
„„-n,= 000513 I 



" Ab regards No. 11., I have not yet lieen able to find a piece 
n which such a complete determination could be made. Hence 
X have only got for II. the index of the D line, 
Wfl= 1-5133, 

1 the dispersion fur the interval iJ to F, wliich is approximately 
n,-nj= 000962. 

I think we may therefore SBBiinie that the difliwrsione agree 
stty closely with those of No. III- 
. ** To give you an idea of the behaviour of your lithium glass as 
Dipared with the ordinary kno\VT] glasses, I have tabulated, for 
1 of them, my measures of the absolute index, and the 
Mtsion, for tlie intervals S to E, and E to G. and also the 
of the two partial dispersions for these intervals." 
I Abbe's table included, besides Schott's lithium crown, five 
1 glasses by Feil, Chance, and Dagnet, and six flints by Fell 
1 Chance. We will quote only the data tor two of the Feil 
B and a Da^iet magnesia crown. 



Crown ordiuaire 


1-514 


0-00680 


0-00792 


1166 


.. 


1511 


sa- 


805 


1172 


Lithium urnwn 


1-518 


cs? 


793 


1154 


Magnesia crown 


1-517 


763 


898 


1-193 



The quantity k in the last column is the ratio of the disper- 
fOOK in the two preceiling colamns. 
" You will see from this that the lithium crowii is much like 
i^' crown glasses lK>th in index ajid total dispersion. It 
f diflers from them as regards the ratio of the dispersions for 
9 two halves of the spectrum, which is 1154 for the lithium aa 
ut 1'172 for the Feil glass preceding. Now, this difference 
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unfortunately lies in the wrong direction. For k being above 1*2 
in all flint glass, and increasing I'apidly with the dispersion, a 
crown glass will be the less fitted for an achromatic combination 
the smaller is the value of its k. Since it is just to the want of 
similarity in run of dispersions between crown and flint that 
secondary chromatic aberration is due, this aberration will be 
greater as k differs more for the two glasses used. It is there- 
fore one of the most importcmt problems in glass-making to 
produce either flint glass with small k and large enough total 
dispersion, or crown glass with large k and small enough total 
dispersion. The magnesia crown in the table, which for a long 
time has not been commercially obtainable, and since Daguet's 
death is no longer made, must therefore be regarded as the best 
crown glass hitherto manufactured for large telescope objectives. 

" I regard it as a great achievement that you have succeeded in 
producing, from meltings in tiny crucibles, specimens good enough 
to admit of perfect optical investigation. Feil, though an eminent 
and experienced glass-maker, has never sent me any such which 
would allow of anything like an approximate estimate of the 
mean dispersion, much less a reliable determination of the partial 
dispersions. The most important condition for improvement in 
the manufacture of optical glass seems to me to be the practica- 
bility of making good (i.e. spectroscopically measurable) trial 
meltings, since in this way only is a course of methodical 
investigation possible. So long as one must make every trial 
with a quantity of 60 to 80 lbs. in order to get one small prism 
to examine, any systematic testing of new combinations will be 
out of the question. Hence, in spite of the negative result, I 
regard these researches as of more value than if they had led by 
a. lucky chance to the discovery of a useful new glass." 

8. To return to Schott's paper. He next goes on to describe 
-experiments in connection with the subsidiary requirements 
mentioned above, which must be satisfied if a glass is to be 
practically serviceable as well as optically advantageous. This 
work, being necessarily of a purely empirical nature, was very 
tedious. 

In phosphate and borate glasses, alkalis had to be used very 
sparingly, if at all, or tarnishing of the polished surface by damjv 
ness in the air was inevitable. However, by adding alumin\ 
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B oxide, and Iwrimn oxide, the sensitiveness coiild be sufficiently 
! to render the residtiiig glasses serviceable. Many 
ments, it was found, could be advantageously replaced by 
ters without change of optical effect. A number of elements 
1 to be excluded on account of their colouring influence, and 
lers from their rarity. 

i of phosphates, borates, and liorosiUcates were 
Bsfully produced in Email quantities. 

r thoroughly mixing the contents of the crucible, a porcelain 
■ was used, which was rapidly revolved, and at the saine 
f raised and lowered 5-10 cm. automatically. The crucibles 
were also of porcelain. But in spite of active stirring, it was 
found impossible to obtain large pieces free from veins. 

In the hope of better success, it was decided to go to tlie cost 
of emploj-ing a platinum crucible of 3 litres capacity, with a 
platinum stirrer weighing 1 J kilogrammes. The result was an 
ptpleasant surprise. Numerous bubbles apjieared at the common 
a of the glass and platinum ; and the cnicible disintegrated 
tfapidly that it only held out for four meltings, l^ter attempts 
"k a smaller, very thick crucible, showed that platinum could 
luaed for liorates: but phosphates dissolve the metal and exude 
1 in gray masses during cooling. 



, It is very difficult, but at the same time uidispensahle — 
illy in making large objectives — to produce optical glasses 
I from stress acquired in solidification. The attention of the 
I makers was called to this difiiculty by painfid experience, 
bomber of telescope objectives were ground by C. Bamberg, of 
Irlin, from discs of the new glasses, which had beeji cooled in 
I usual way and were apparently perfect. In spite of every 
e in workmanship, it was foiuid impossible, when the tele8C0^)e8 
B turned on stars, to obtain the Wdll-knowii diffraction pattern 
mcentric circles ; and the test liy polarised light showed the 
mce of stresses, which were the cause of the failure. 
B led to attempts at improved methods of annealing, which 
dted in the adoption of the prixess designated " fine anneal- 
By means of a very large thermoregulator, whicli automati- 
y controls the source of heat, the temperature can i« kept steady 
f any longlh of time, at any point lietween 350' and 477°, or 
1 to (all with any desired slowneae. The glass is contained 
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in a very thick cylindrical copper vessel, on which a large gas 
flame plays. The temperature of the interior is measured, on 
the basis of Regnault's observations, by the pressure of mercury 
vapour, which is balanced by a column of mercury in an open 
tube; and the height of this colmnn regulates the flame. By 
this fine-annealing method with the thermoregulator, even those 
glasses for which old methods had entirely failed were successfully 
freed from stress. 

"The highest temperature to which we have ever found it 
necessary to raise a glass to make stress vanish, that is, to cause 
softening to begin,^ was 465°. The lowest temperature ever 
required to ensure complete hardening was about* 370°. Thus the 
temperatures of solidification all lie between 370° and 465°. We 
now spread this fall of 95° over an interval of four weeks, instead 
of a few days as formerly, with results far surpassing the best 
ever attained in the past." 

At the time these words were written, a specimen of the fine- 
annealiug process — an objective of 6i in. aperture, with shortened 
secondary spectrum — had already been tried at Berlin Observa- 
tory, and proved its superiority to the older objectives.* It was 
shaped by Bamberg, vfho had not been disheartened by the 
previous failures, and whose unselfish devotion to the advance- 
ment of his art is warmly acknowledged by Schott. 

10. The introiluction of fine-annealing also enabled the Jena 
firm to pi'aetice a methoil of shaping lenses which had been tried 
at Paris many years before. The glass, while red hot, is pressed 
between meUil cups having as nearly as possible the desired 
curvatures. If tlie ordinary annealing process be employed, 

1 The so-called softening point, i.e. the lowest permanent temperature at which 
a glass gradually loses the stresses caused in cooling, was determined by expoaiiig 
a highly stresseii short glass cylinder, with plane ends, to a fixed temperature for 
20-24 hours, in the thermoregulator, and comparing the appearance in polarised 
light before and after the process. ZriWAr. /. iHstrumentenL xi. 330. 1S91. 

Pulfrich has since remarket! that, in highly stressed glasses kept at constaol 
temperature, measurable displacements, doubtless indicating partial loss of streoi^ 
are noticeable even at 100*. after an hour and a half. (See paper by SchotI, 
Ver, s. B^ftHrd d, Oetctrb^,^ Vortr. 1892, Apr. 4.) 

* As further proofs of the success of the method, may be instanced the large di&ji 
lor objectives afterwards made at Jena, which were 1) metres in diameter, 
weighed 7-9 cwt. 
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lenses of this sort are quite unfit for use in tlie better class of 
itiBtruinents. Their interaal stress is souietimes so great that 
they fly in pieces as soon aa grinding is Ij^uii. It is only by 
fino-anuealing that they can be prrxluced free from stress. The 
prevailing idea, that the pressure exerted on the glass wliile in a 
i-liquid condition causes the internal stress, is, however, quite 
oiieouB.* The production of pressed lenses has since been 
intiniied. us the method was nnsuited for large objectives, and 
) not pay in the case nf sinall ones. [For later information, see 

MDdiX.] 



11, In conclusion, Schott gives an account of the appliances 

1 pDJoessea for the manufacture of ordinary uptica! silicAtc 
w. as employed at Jena in 1888,' The following is a sketch 
<if the progress of a melting : 

The melting pot, which must first be well dried, is vety 
gradually raised in temperature for four or five days until it is 
red hot, when it is put in the meltiag furnace. Here it is further 
heate«l for five or six hours up to the melting temperature of 
gUwt, mid then pieces of glass remaining over from former meltings 
{known in the trade as cullel) are put in. As soon as these are 
inelt4>d, the inside of the crucible ia glazetl with a great iron 
ladlu. Then sonie of the glass mixture (technically called batch) 
iH intnxluced, a little at a time, u fresh layer being added as soon 
at) tbo previous layer is melted, till the crucible is full. 

Then comes the second stage of the melting (called plainijiff or 
fining), Ibe mixture being kept at a high temperature for six or 
e^^ht Ixiurs as a rule. Great care and experience are re<]uired 
to maintain the right temperature during this period. If it ia 
kept Ujo low the bubbles are not removed ; if it ia raiseil loo high 
the crucible is attacked, and clay is absorbed by the glass. At 
the conclusion of this stage, the tiring is moderated for a time, 
the surface scum containing clay particles is removed, and a 
rud-hot stirrer of fire-clay, in the form of a hollow cylinder 
10-12 cm. in diameter, is placed in the glass and left for an hour 
to let the bubbles forming on it rise to the surface. Then beguia 

■ ** Inlluence of Cooling on the Optical Bebatjour o{ GUa, and Production 
of w*)l-uuw»led Preasail Lenma." Vommnnieation frnrn iht Jtna Olati Worlf, 

|)M. lees. 

*pBpBr oi 4 .Itmc, 1888, abovo quoted. 



18 JENA GLASS. 

• 

the process of stirring to produce complete incorporation, the 
handle of the stirrer being a long iron tube kept cool by a 
cuiTent of water. By blowing small flasks with a glass-blower's 
pipe it is seen when the glass is sufficiently clear ; and the 
stirring is completed from three to four hours later, the mass in 
the meantime having been gradually cooling. 

When the cooling is so far advanced that the stirrer can only 
be moved with difficulty, it is taken out, and the crucible, which 
with its contents weighs 15-20 cwt., is lifted out of the furnace, 
placed on a fire-brick platform, and left there to cool freely for 
half-an-hour or three-quarters. 

It is then brought to the annealing furnace, in which the 
empty crucible to be used at the next melting has meanwhile 
been warming. Here, during the next three days, the mass cools 
completely down, generally flying into many pieces, large and 
small. These are carefully looked over, and faulty portions 
hammered oflF. 

The remaining pieces are subjected to the moulding process 
(Eamollieren), by which the irregular lumps are made into 
rectangular or circular plates. To this end the glass is reheated 
in fire-brick moulds till it almost melts. A long tunnel-shaped 
oven is heated fully red hot at one end, while the other is just 
cool enough to admit of the moulds being pushed in. 

The moulded glass is then put in the cooling kiln, where it is 
cooled in 10 or 12 days. This kiln is capable of containing 
20-30 cwt. of glass in moulds. 

When cool, the plates are polished on both sides so as to allow 
of clear vision through, and carefully examined for any remaining 
defects. If the plates fit for use amount to a fifth of the whoh 
melting, tlie result is considered satisfactory. 

12. The first price-list of the .lena Glass Works, issued in 
188G, contfiinH altogether 44 o{)tic}il glasses, of which 19 are of 
essentially new coiiifMmition. In t\u) glasses of the silicate series^ 
the index for cn)wn could be voucIkhI for to about 2 units of the 
third dcciniul pla(;e, for flint to alniut .*J, and for very heavy flint 
to (} or 8 nnits. To (jbtuin ^n^atfjr <;xactness, sjiecial meltinp 
were necjcswiry in uioni cjiHfM. 

In tlie cAtMii of several glasHeH, a rtaution is ^iven that t]Mf 
"must Ix; ])rnUu:U*A in iih«%" Tliis is explained as meaning tfef 

I 
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though they are quite duralile in oi-dinary air, thei'e ia danger in 
proli'nged contact with damp in any form. Any deponit of 
inoiaturfl such as might lie left by the touch of damp fingers, 
shouhl he wiped off carefully before putting away. 

Among glasses for special purposes are mentioned didymiuiu- 
jibomphate, cerituu -phosphate, and urauiuin-phosphale. 

The lively interest excited by the undertaking Uitli at home 
anil abroad was followed by a steady inflow of orders, which led 
lo an i-nlargement of the list of glasses. In 1888 a Supplement 
was i.'wueii containing 24 additional glasses. Of these., 13 were 
new. including 8 baryta light flints, remarkable for sniallness of 
(iisperaiuii compared to index, and Intended chiefly for impro^'ing 
photographic objectives. So little lead oxide was re(|uired in 
their manufacture that the absorption usual in flints was reduced 
to quite a small amount. 

Since, in the meantime, the composition of most of the crown 
gla«6eB had l)een so improved as to render them almost perfectly 
colourless, objectives could now be constructed having greater 
tmnsparency for the chemical rays than had previously 1*een 
Altai uabia 

Farther, the extension of the choice of glasses gave means of 
COtTucliug photographic objectives for astigmatism. 

It was stated in the Supplement that the glasses 0.197, S.:)5, 
S. 1 7, S. 1 were no longer regularfy manufactured, on account 
of special dilticnlties atten<ling their prrnluction, and of small 
demand, 

In a second Supplement, Usued in January, lfi9'2, 8 more 
glBflses, (i of them new, were described, mainly intended for the 
same ptiriKisus as those of tlie first supplenient, A caution was 
given retipecting the two silicates, 0. 20 and O. 13, of the first list, 
a» Ufing susceptible to damp. It was further stated that the crown 
glasses O.filO, O.fiOS, and OJISI, formerly not iinit* satisfactory 
in tliis nsspoct, liatl now been made more durable. The use of 
O.120i) in place of the harj-ta crown O.202 was recouimended. 

idmi of the glasses which are important for the improvement 
of photographic objectives are extremely diflicult to obtain free 
friMn Hraall buhlile-s. The optical rwpiirements leave too little 
rovtii for thi.^ rndter's choice, antt it is impossible to prochice largo 
uniform masses not containing small isolnted bubbles, llie optical 
rwillte in the camera are, however, practioally unaffected, the 
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/ resulting loss of light, even in unfavourable eases, being barely 
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13. The introduction of Jena glass into practical optics was 
initiated by Abbe, who was now enabled, with the help of the 
technical resources of Zeiss' optical works, to realise his long- 
cherished plans for the improvement of the microscope. A series 
of objectives and eye-pieces calculated by him were shown at the 
Naturforscher Versammlung in Berlin in 1886. 

On the same occasion several astronomical objectives of 105-175 
mm. aperture, made of Jena glass by Bamberg from Czapski's 
calculations, were also exhibited. Investigations with a view to 
perfecting astronomical objectives have been carried on at the 
Jena works until quite recently. Meanwhile, the practical appli- 
cation has been taken up by Zeiss, whose telescopic objectives 
and astronomical instrimients were fii*st advertised in 1899. 

In the domain of photographic optics, the new glasses have 
given rise to a multitude of constructions. 

14. On 2nd March, 1883, Schott made his first trial melting 
for thermometer glass. This was followed on 13 th April by the 
melting designated No. IV., a pure lime-potash glass, and about 
15 th October by the melting No. VIII., a pure lime-soda glasa' 
Weber's observation, that pure potash glasses and pure soda glasses 
exhibit less thermal afterworking than those containing both 
alkalis, was fully confirmed. The further discovery that potash 
and soda produce equal amounts of afterworking was of consider- 
able practical importance; for though it is easy to obtain soda free 
from potash, it is very difficult to o})tain potash free from soda. 

The introduction of new elements led to no immediate result^w 
far as the lessening of the total depression effect in the thermomelec 
was concerned. One trial melting, 18"', a potash glass with-ff 
considerable percentage of boric acid and zinc oxide, was maifal 
by the good agreement of a thermometer made of it with the # 
thermometer at medium temperatures. But the making ipil 
working of this glass presented difficulties. 

It was sought to o))tain the high power of endurance so esse 
for the best thermometer glass by using a large amount of 

1 MiU^il, auH d. gloftUchn, Ldborat. in Jeiia, April, 1893. 
^Schott's Paper of 4 June, 1888. 



^^Bmhination with a uiiKlerate j>ei'ceuta};;e of aliiuiiim. Trial 
HImngi! were mad<3 on a, large scale with 16°/^ uf lime and l-^Vo 
of swla. TI\o resultiiig ^Inas, though it certainly had small 
tbermnl aiterworking, did not lend itself to manipulation with 
the blowing-pipe. It liej^au to devitrify while the tnlje was Wing 
drawn out, unlesR it was kept at a high teniperatiire during the 
procuss, wliich seeinetl scarcely possible. It also attacked the 
crucible, I>e8ide8 exhibiting a green tint difficult to get rid of. 

These difficulties were overcome hy employijig additional in- 
gredients. It was fuund, after a few experiments, that a cmu- 
pciaition containing 7% ol zinc oxide, 7 7.. lime, 147„ soda, 
i"5'/^ alumina, and 2°/^ Imric acid, gave a good thermometer glass 
witli great i-esistiiig power against all external influenees. The 
addition of the 2°/, horic acid lowered the melting point witliout 
aflticting the endurance. 

With this glasa, which was nimibered Iti'" and designate*! 
normal tftmnvtnelfr glass, a definite advance was attained, and 
its jtemianent manufacture was commenced in 1885. It found a 
rival afterwiu^ls in the borosilicate 59'", and Schott has l)een 
Hilly experimenting with a \'iew to further improvements. 
\ Bcaroely necessary to remark that these researches are 
sly scientific interest, having no commercial imporUince. 

I In the course of the Lhermonieter glass investigations, it 
B important t^ know what causes cimtributetl ti> facility of 
IB.' 

t ^a«s made at the works in the Itiuringian Forest stands 
melting blowing and fusing without change ; while 
' glass, such as is iiseil for windows, becomes rough and 
dull of surface, after even short exposure to the Hame. 

Enquiries elicited the information that Thuringian glass owed 
its ttpecinl ipiality to a ct^rtain sand used in the making, which 
wna iMily found in the neighbourhood of the village of Martinaroda, 
This had lung been regarde«l as the one sand for the purpose, and 
alt tither quartz sands were l>elieveal unsuitable, esjHXiially the 
jmre sand of Bmndenburg- 

AnalysiK of the MarcinsriKla sand showed that it contained 
3'66 '/, of alumina, and it was natural to infer that this was the 
«»UW of it** excellence This inference was veriticil by analysis 
B Httrhaii'U. dM )'<r. E«r Bfji>rd. d. Ottrtriitfi. 1887, Dec. t. Piiper by Svhutt. 
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of Thuringian glass, and by experimental meltings in which pure 
quartz sand was used with and without the addition of alumina. 

Schott suggests that the presence of the alumina hinders the 
volatilisation of the alkalis at the surface of the glass. 

It is also possible that the dulling of the glass indicates in- 
cipient crystallisation, and that the alumina tends to prevent 
this. 

16. As the Jena works have gradually developed, other new 
branches of manufacture have been taken up ; the most notable 
being the production of glasses characterised by special powers <rf 
withstanding heat and chemical attack, which have rendered them 
very important both for scientific and commercial applications. 

But, apart from these special problems, the establishment 
discharges important functions in the domain of pure science. 

The long list of compositions employed by Schott — whidi 
already numbered over 1000 in 1886 and has since been contino* 
ally increasing — shows how varied are the substances which yit 
comprise under the name glass. The diversity in optieil 
properties, which was the object originally sought, has broug^j 
with it an equally gieat diversity in all other physical anl 
chemical properties. This opens up a rich field of investigation 
for which there was fonnerly little opportunity, owing to pauoi^ 
of material for experiment. 

Faithful to its original purpose, the Jena factory has C€urri9i 
on its work hand in hand with scientific research. The manogti* 
ment has always shown readiness to assist the scientific inv< 
gations which have been undertaken in yery various directi< 
and, by so doing, has obtained for itself the advantage of 
security against mere empirical working. 

Though the results thus obtained are already considerable, » 
large number of questions still remain to be solved. 

Attempts to establish a connection l)etween the properties d 
glasses and their composition have hitherto been purely empirioaL 
A more thorough treatment of this question must start with 
definite assumptions respecting the molecular constitution of glatt 
— a subject at present obscure. 
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: and DisperBion, For apecifytog the refractive 
/)f a glafis, Alilie uses five bright spectral lines wliicfi 
■ , be easily obtained from artificial sources, nametj, the 
"wiuni line, the yellow sodiiiui line, and the lines H, H^ 
Tiydr<tgen.' The secoud, tliird, and fourth are identical 
9 Fraunhofer lines V D F in the solar Bpectrum ; the first 
■ A, the fifth near G, and the five Hnes are denoted by 
i A' C D F G\ Their wave lengths aro : 



A' 



O' 



|.07(i77 n 0-66«3 fL 0-5M93 ^ O-4802 ^ 0-*34l ^ 

■ denoting a micron or 001 mm. in tlie case of A' and D, 

loubk- lines, the mean is taken. 
, For each glass five characteristic qnantities are spectrometri- 
Jly determined hy Ablje's method.' in which a ray is made to 
rotnoe its path.' Theae ([uantities are: the index n^ for the 

e U>t ol the Jeott giMa-works for optical knil other acjentiiio purpnses, 
dltCoa. p. a. 

rt deacripUon d( the tnethoil. with a literature liit, is givoa liy Pulfriuh 

■i //muiftaeA '/»r /■Ayn*. 11. i. 307. 

ba'a ipectroinotar, iritli which Ills obMrvHtiotii kh mkdc, a deacribed uid 

I ftt ppL M of Zein' CalalogiK of SptctromtUm mtd Re/raelotneirri, 2Dd 

The priiidple of the inatrumeut ia tbiit, when the ray retumi 

UfllM back of III* priBDi bein^ titvered) the angle of incidence on the 

■ ii tba mmo t* for minimum ileviation with a priim of double the angle. — 
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D line ; the mean dispereion ^, t Vtal meltiuga m ^""^ ^ \ 
indices for C and F; and the tf.U the addition o'/^'^™ ^^ i 
that Ib, the differences of index h^[ the alumiim hiode 
and F, and between F and 0'. TTi^ji the g 
mente is sufficient for giving the index to i( 
of index to five decimal places. As i 
other quantities are deduced from these dataV 

The first is the reciprocal of what is com 
"dispersive power," and may therefore lie t 
reciprocal, or the dispersive weakness ; the 
called the partial dispersive ratios.' 

The following list gives these characteristics, 
density, for 76 typical Jena glasses, arranged in descS| 
of the values of v. Every glass has, besides the ninnil 
a trade number with the letter 0. or S. prefixed ; 0. (for 1 
signifyir^ that the melting is (jerformed in the ordinarj-l 
large crucible, and S. (for Special), that it is perfor 
special precautions in a small crucible. Glasses of i 
new composition are distinguiehed by heavy tj'pe. 

The first part of the list, containing Noa. 1-44, was i; 
in 1886 ; and the accompanying explanation states ilui 
ordinary optical uses (opera-glasaes, hand telescopes, small jiho 
graphic instruments, telescopic and microscopic oIijectivcM 
intended for very high-class work, small in^nifierH, and i 
pieces of every sort) the crown glasses 5, 8, 13, 18, TA, and 
flint glasses 29, 35, 36, 37, 38, 40 will suffice." The phowphatJ 
are recommend&l "where small di.spersion and soiiill (lispiTHivi 
power are desired " ; combinationn of pliosphatea anil bomte« < 
borosihcates, " where, as in the tetter class of astronomical tele- 
scopes, the abolition or diminution of the secondary' spectrum is 
important. In systems of lenses, such as microscopic objectives, 
which, for the best performance, require not only the closest 
agreement in run of dispersion between crown and flint, but 
also the best possiljle correction of spherical aberration and its 

' The tnuulatora are alone retpoiuible for theae nggeated deaigaatioDs. The 
original reads — "The firat is the reciprocal of the relative meao diaperaion ; the 
three last may (in a somewhat different aenaelbe called relative partial diiperaiona." 



* 
'■ * 
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.3e, the theoretical or practical optician must 
Lent in making the best selection from the full 

-tion of the list, containing numbers 45-68, was 

supplement in 1888. The new baryta flints here 

.•e designed for photographic requirements. Numbers 

;h were contained in a second supplement issued in 

mainly intended for the same purpose. 

^ Price List, 3rd edition, p. 17« 



L revised list of glasses, issued in 1902, will be found in 
\.ppendix.] 



[Typical Jena Glasses. 



Bun- 

Dtag 


■^' 




Iad«i for 


M«a 


=fi 


1 


0. 235 




I'filSQ 


0-007.17 


700 


2 


8.40 


Medium PboapMM Crom. - 


I-55!»0 


0-00835 


66-9 


3 


8.30 


Denie Barlnni Pboiplula Crown, - 


1-5760 


0-00884 


65-2 


4 


8.16 




1-5M6 


0-00922 


641 


5 


0. 144 


Boro-SUloate Crown. . . . . 


I -5100 


0-00797 


64 


6 


0. 67 


Light Silicftta Crown. - - . . 


1-5086 


000823 


61-8 


7 


0. 40 


SilicaM Crown, . . - - . 


1-5166 


0-00849 


60-9 


8 


0. eo 


Lime Silicate Crown, . . . . 


1-5179 


0-00860 


60-2 


9 


0. 13S 


Silicate Crown of High lodei. 


1-3258 


0-00872 


60-2 


10 


3.62 


Light Borate Orown, . . . . 


1-5047 


0-00840 


60 


11 


0. 20 


Silicate Crown of Low Index, 


1-5019 


0-00842 


an-R 


12 


0. 227 


Barfnm Silicate Orown, 


1-5399 


0-00909 


59-4 


13 


0. 203 


Ordinary Silicate Crown, 


1-5175 


0-00877 


59« 


14 


0. 13 


Potaah Silicate Crowfi. - 


1-5328 


0-00901 


58-0 


IS 


0. 16 


Zinc Silicate Crown, - . . . 


1-5308 


0-00915 


58-0 


16 


0. 211 


DviiM Barium Sllioate Otowb, 


i-5726 


0-009B5 


B7-5 


17 


0. 1S3 


SUicate Crown. 


1-6160 


0-00904 


57-2 


IS 


0. 114 


Soft SUic»tB Crown, - - - . 


1-5151 


0-00910 


56-6 


19 


0. m 


BoTo-fltlloate Olau, . . . . 


1 mo 


0-00929 


56-5 


ao 


0. 202 


DenBeet Barium BUlcata OroWn, 


i-mio 


0-01092 


55 3 


21 


S. 35 


Borate Flint, 


1-5503 


0-00996 


55-2 


22 


0. 262 


Borate PUnl. 


1-5521 


0-01026 


63-8 


23 


0. 152 


Silicnt* GlaH, . . . 


1-5368 


O«1019 


51-2 


24 


8.8 


Borate Hint. 


l-fl73S 


0-01129 


50-8 



■ 


■ 


Rl 


■ 


Hwm 


ur-riuAij t 
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"x* 




Otauity 


I 


i,*lMl.. 


«,«dB. 


i,«dY, 


1 


0-858 


0-0Wil5 
0-60S 


0-00407 
0-552 


2-58 


ColoarleM. ^H 


■ 


0-OOS46 
0-6M 


0-00587 

o-7oa 


0-00460 
557 


307 


^m 


■ 


0-00570 
0-W4 


0-00622 
0-703 


0-0O500 
0-566 


8-35 


very ^^^^^H 


4 


0-OOflOl 
0-«41 


0-00648 
0-703 


0-00521 
0-506 


366 


Not hard; oeedi protection. 


e 


D-0DS19 
0«il 


0-00559 
0-701 


0-00446 

0-559 


2-47 




■ 


II-00S30 

0-eu 


0-00578 

0-702 


000464 
0-584 


2-46 




■ 


0-003*3 
0-W2 


O'OOGM 
0-702 


0-00479 

0-584 


2-49 




■ 


0005S3 
0-843 


O-ouoa-i 
U-7i]3 


O-0O487 
0-588 


2-49 


EuBCtly corresuoods to Chance's Hard 
Crowu. 


■ 


000580 
0642 


000814 
0-704 


0-00494 
0-567 


2-53 




■ 


o-floseo 

0-«(ST 


0-00S87 
0-TOO 


0-0<M66 
0-655 


2-24 


Only to be u»ed in protected pUcoi. 


m 


0-00543 
0-645 


0-00693 ! 0-00478 
0-703 588 


2-47 




w 


o-oipwa 

0-040 


0-O06»fl 0-00514 

0'7o« 0-jce 


2-73 




» 


O-«0fi6S 
0-IH3 


0-00616 0-00499 
0-702 0-568 


-2-64 






0-OOS72 
0-03G 


0-00(1.17 0-00615 
0-71)7 0-672 


263 


Hm better rtiu of diiiiersion than ordinary 
liUcate crown, 




O-OOM? 

o-e«2 


0-00044 o-oosao 

0-7m 1 0-S68 


2-74 






O-OUGSO 
0-«»3 


n-iimOi ] 0-00568 
0706 i 0-571 


3-21 






O-00S76 
0-038 


0-<K»S7 1 0-O0S16 
(J-705 1 0-571 


2-53 






0-006- 
0-6M 


01*004-2 0-00521 
705 ; 0-572 


2-55 


Corrospondi to Chs.icc'. Soft Crown. 




0-OOSOS 
O-MS 


0-00064 
11704 


0-00531 

0-572 


2-64 






0-ooeoo 

0-632 


000771 

11706 


(1-00826 
0-573 


3-S8 


Froeile. C»nnol be freed from « few 
imiJ] bubble*. 




st& 


oimm) 

702 


0-00561 
0-563 


2 66 To be iKcd in protected plitcw. ^M 




0-703 


0-00582 
0-5li7 


2-57 


To be used in protected places. ^H 


^Hp^^ 


0-00748 
0-708 


0-00610 
0-582 


2-78 


■ 




0-0(I7«1 
0-704 


0-00644 
0-671 




1 To lie used under protep^on- ^H 
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Run- 


^" 




Index tor 




*-r 


20 


0. 164 


Boro-BllloaM FUnt, 




1-3503 


0-01114 


49-4 


a« 


0. 214 


Silicate r,lM8, 




15368 


001102 


48-7 


27 


0. lei 
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18. Achromatising one Glass by Another. Let a\ c, d, f, g' 

be the focal lengths of an achromatic doublet for the colours 
A\ C, D, F, G\ We have 

0=A;(n-l)+A;'(n'-l); (1) 

denoting the reciprocal of the focal length for any particular 
wave-length X ; k the sum of the curvatures of the faces of the 
first lens (positive if convex) ; n its index for X ; and K, n' the 
corresponding quantities for the second lens. 
When X is changed, (1) gives 

change of = A; (change of n)+A' (change of n"). (2) 

Using the notation 

Si = 71 J) — n^' ^j = n'l) — n'j' 

we have, as cases of (2), 

J-- = A:A+^''A' \-^,=^kS.+k'S^^ 

d ^ ^ g f 
Let k and k' be so taken that/= e ; then 

k^^■k'^'=o. 

Also ^=k{nD-\)■\-k'{n'D-l)=kv^+kv'^'=k^{v-v)^, 

whence ^=1' M^y ^ = 5 " AXT^^T)' ^^^ 

Hence K=yi^,'=\~" ^'^^=dl^,- 



=kSi + 1^8\ -,-^=kS^+US:^ 



Thus 
whence 



d a'~d' v-v" f d~d v-v" g' f ci v-v" 



v-v a' d ^ 

^-^_d-f_d-f 
\-v'~ f ~ d 

y-y ^f-g' d^f-^ 

v-v g' f d " . 



(4) 
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tile approximations being deduced from the consideration that 

the mtios of a', d,f, g to oae auother are aeiieibly unity. 

Equations (4) give (in temis of the tabulated daU for the glassea) 

tlie tlefect of achromatism for the colours A', D, G'. relative to C 

&nd F, which are united. Tlie defects for the other colours can 

H^ie deduced by interpolation, either graphical or arithmetical. 

H These equationa show that two glasses will be the better fitted 

^Hdt Bchromatising. the leas they diifer as regards a. &, y, and the 

KtOr« they differ in ^. Diminishing a-a.^~^\y- y will, how- 

B^r, have no ettect if c ~ c' diminishes id like niea.sure at the same 

V^lame. Further, from equations (3) we see that the c\irvatnres of 

the lenses increase as i- — i-' diminishes. Perfect achromatising of 

one glass by anotlier would, by wiuation (2), be attained if all the 

partial dispersions of the one were to those of the other in the 

—k' 
fixed ratio —r-. The spectra of the two glasses would then be 

rigorously similar from a geometrical point of view. The differ- 
ences exhibited by two glasses as regards the quantities a, ^, y 
afford a measure of the dissimilarity of their spectra. 

19. Secondary and Tertiary Spectrum. A clearer idea of 

thi- nature of iIiim achrouiiitiKiiif; will lie gained from a graphic 

representation. In fig. L the variaLion of focal length of a doublet 

Bflftii wave-length is shown for two couiliinatious : (1) siUcate 

^Enwn 8 with silicate flint 36 ; ("i) phosphate crown 3 with Iwrate 

"iffint 24, — wave-length Wing taken as ordinate, and focal length 

as abscissa. Substitutmg the values of a, a, v, v, etc., from the 

List, equations (4) give the following values for a'— d, etc., in terms 

of d as unit (remembering that c =/). 


Combinatioiu 


a'-d. 


c-d. 


f-d. 


1 


(1)8 with 36, - - 
(2) 3 with 24, ■ ■ 


+ ■00158 
- -00007 


+ ■00046 
+ ■00007 


+ ■00046 
+ ■00007 


+■00225 H 
+ WI049 V 


On inspecting the curves it will be seen that the scattering of H 
■b^oi ia confined within much narrower limits in the combination H 
^B) than in (1), and, further, that the colour union obtained is H 

L J 
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triple instead of double. The parabolic curve (1) is cut by any 
ordinate in only two points, so that chromatic foci will oiily be 
united in pairs. But in curve (2), owing to the double bend, 
there will be union of three chromatic foci throughout the whole 
region extending from near ^' to i^, so that there only remains a 
slight scattering of the rays beyond F. 

(2) (1) 




Fio. 1. 



When the achromatism is such that the colours are only united 
in pairs, the residual spectrum is called secondary ; when in threes, 
tertiary. 

Thus combination (1) has a secondary spectrum of considerable 
extent, while (2) has only a tertiary spectrum, so short as to be 
relatively negligible. 

These facts show what an improvement the new glasses have 
effected in achromatism. The glasses used in combination (1), 
an English hard crown and an English dense flint, are among the 
best of the old kind ; and their secondary spectrum may be taken 
as representing about the best that can be done with sHioate 
glasses. It is true that with heavy crown and light silicate flint 
doublets can be made in which the deviation from proportioncJily 
of dispersion is less; but this advantage is counterbalanced by 
diminution of the difference v — v\ For example, a combination of 
the glasses 17 and 31 gives a curve almost exactly coinciding 
with the curve (1) drawn al)ove for glasses 8 and 36.^ It was 
only with the introduction of phosphate and borate glasses that 
opticians were first enabled to form combinations which materi- 
ally shortened the residual spectrum, and gave only a tertiaiy 

^See **Mitteilungen aus dem glastechnischen Laboratorium, Jena," ZtiUckr, 
/. In^rumtntenk., 6, 341 (i8S6) by Czapeki, who points out the fruitlessneBS of 
attempts. 
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remn&nt of colour. Besides ;J and 24, llie pairs '-i and 28, 2 and 
21, 1 and 21. 8 and 25 may lie cit«i! as examples, 

20. Another method of Achromatising. Tlie following wa; 
of treating the qucKtion was first piuptised by Sclieibner.' Let 
the lens-cwrvatures k and h" in equation (1) be so chnseii that, fur 
a particular colour defiued by its wave-length Xq. t'^e focal length 
f cif the [loublet does not change for a small change of \- This 
giriierally makes F a miidmum. For visual purpoaea the selected 
colour should be in the brightest part of the spectrum — say. 
\ = -55^; for photographic work it should correspond to the place 
of Btrongest chemical action. I*t «„, m'^ be Llje two indicee for 

\; then, putting „- for ^ in equatiiin (1), it becomes 



1 



■ ^(iio-l)+i'(n 



-1). 



= k . dng+k' .dn'^, 



dn . 
dn" 



* 



1 



dn'. . , 



From these two eqiiationa k and k' can be computed, if the mtio 
of dnjdX to dn'jdX ia known. Tliis ratio can be determined 
with BUtticieut exactness by employing an empirical dispersion- 
fonunla carried to three terms. If the formula is expressed in 
powers of 1/X', we may employ 1/X' as the inde|iendent variable 
in the diSerentiaUons, instead of \. 

k and k' having thus been found, equation (2) can lie employed 
for computing the successive changes of 1//", starting from F^ and 
giving successive increments to \. This will show the departure 
from achroaiatism in the various parts of the spectrum. 

Ceapaki^ baa carried out this calculation for the three pairs 

■ AUundL d. Sltdu. Akad. 11,8. 56S (18TS). 

*Zat»rkr./. Jiu^nmtnlmk., 6, S42 (ISStf). The mimeriail rcaulu luJ the thr«e 
curvva d*riv»(l Irom Ihsm »« »l»o given in Winkelnnnn'B llandbuek d. PSynk, 
JL I, pp. ue, UT. 
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8/36, 3/28, 3/24, starting from \=0'55fjL, and proceeding, by 
increments ±0*04/li, to X = 0'77^i in one direction, and X = 0'41/tt 
in the other. The result is very similar to that obtained by 
uniting C and F. 

The combinations 8/36 and 3/28 give parabolic curves, that is 
to say, secondary spectra, the second having about half the extent 
of the first; while, in the combination 3/24, the colour-union is 
so close that there is no material difference of focal length 
anywhere between A' and F. 



21. Diversity of Olaases. If, taking n the index for D 
as abscissa, and the " mean dispersion " A as ordinate, we plot 
on cross-ruled paper all the glasses given in Art. 17, it will be 
found that the old glasses, except a ver}' few of small index, 
group themselves along a straight line, whose equation is 
approximately 

A = 00781271- 0-10962. 

In virtue of this relation, v, which is defined as (n — 1)/A, is 
practically a function of only one independent variable instead 
of two. This limitation is largely removed by the new glasses, 
which, when introduced into the diagram, spread themselves over 
a consideral)le area, lying between the above-mentioned line and 
the axis of abscissae.^ 

The limitation just mentioned as holding for the older glasses 
implies that those which have equal vs have also equal dispersiona, 
and vice versa, so that large change of A entails correspondingly 
large change of v. On consulting the catalogue (which is 
arranged in order of v), another inconvenient uniformity in the 
older glasses will be found, namely, that similarity in run of 
dispersion accompanies equality in v. Here again the aew 
glasses come to the rescue. Thus, comparing the old glasses 6, 7, 
8, 9, with the new borate crown 10, we see that, while the values 
of a, /S, y are almost the same for the four former ; in 1 the 
red end of the spectrum is considerably lengthened, and the blue 
end shortened. Pairs 23/24 and 28/29 oflfer further illustrations 

^ For the first 44 glasses Czapski has plotted a diagram in ZtUschr. /. /mrm* 
mentenk, 6, 345 (1886). 
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of the fact that, with the help of the new gla^Bes, it is possible, 
without Appreciahly chaDging v, to give the iljfferent portions of 
tlie Hpectrura relatively imequal extents. 



22. Eypochromatic and Hyperchromatic Doablets, T)ie 
fact that the catjilugiie incliides paiia of glasses exhibiting; un- 
t'liiial iliaperaion for equal or nearly eciual index, aflbrda the 
jMtssibility of a mode of combination which exa^erates the natural 
divernity of the glasses.' 

t/juation (1) of Art. 18, applietl to a doublet (jompose^l of two 
lenses L and L' cemented together becomes, when n and n' are 
equal, 



s = Un-l),. 



-(I) 



k, (lenotdDg k-i-k', that is, the sum of the external curvatures. 
We may call k, the total curvaiurs of the doublet, 

Let p denote the reeidtant ilisfiersion, defined, in accordance 
with equation (2) of Art. 18, by 



kS+k'ff = {k-{-lc')p = k.p. . 



(2) 

Then the doublet will be equivalent to a single lens of total 
cur\"ature k,. index n, anil dispereion p. 

The dispersion p can, if desired, be made either less than the 
Ic8S, or greater than the greater, of the two quantities S, 6". In 
ihu first f.ase the compound lens is called hypochromatic ; in the 
tiecond, hyperekromaiie. 

Equation (2) may be written in either of the forms : 



f-i+|^(f-A 



..(3) 



p-S+'j.iS-S).. 



1 k' afL" always of opposite sign. We aha 

k always positive, and k' negative. 
* Cf. (.lermui pnMiiM Nos. BSSHS %tiA 92313, ZelM. 
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Then we have the following results 



From Equation (3). 


From Equation (3), 


If*.+ 


K + 


and S'>S, 


S>S' 


then S> p. 


p>S. 


From Equation (4). 


From Equation (4). 


Jf Av- 


*e- 


and S > S*, 


S'>S 


then S'> p. 


p>S'. 


(Hvpoehromasy). 


(Hvperchromasy). 



TIiiis the limite of dispersion to which we are confined in deal- 
ing with a single glass of given index, may be enlarged by making 
use of a combination of two glasses which have this index. The 
lower limit may be lowereil by giWng the weaker dispersion to 
the positive component of a positive doublet, or to the negative 
component of a negative doublet The upper limit may be raised 
by giving the strtmger dispersion to the positive component of a 
po?iitive doublet, or to the n^rative component of a n^ative 
doublet. 

Chromatic Difference of Spherical AberratioiL The con- 
dition n = n\ even if strictly fultilleil, can only hold for rays of 
one detinito wave-length \. Since these rays undeigo no devia- 
lion at the Cinumon surface of cvmtact, their spherical aberration 
is indeivndent of the curvature of this surface, and is the same 
as for a simple lens of index n and curvature k\. 

Tlio spherical alvrrations of rays of other wave-lengths, though 
atfeotevl by the curvature of the internal surface, depend mainly 
ujxni the two external surfaces, and the same rule must hold for 
differvncos of spherical aU^rration resulting from diSeruice of 
wave-length. Now, at the external surface??, it is not the re- 
sultant disjx^rsion p. but the individual dispersions S and i*, which 
actually come into play : and therefore, in the spectrum formed 
by the chromatic foci of the maiyiual zone, any colour whose 
wave-length is vliffereut fnnu \ will have a somewhat different 
situation frv^m what it would have in the case of a simple leDS 
giving disi^ersion ^ Thus« as r^^anls chromatic diGEereiM»B of 
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^erioal aberration, the compound lens is not exactly equivalent 
* to the simple one. In the hypochromatic doublet the divergenoea 
will f>e somewhat greater, and in the hyperchromatic somewhat 
less than for the simple lens. 



23. Infra-red and Ultra-violet Spectmm. An investigation 

of dispersion ljL')'onil the linuta of the visible spectrum has been 
carried out by Kiiliens' and Simon- for 13 Jena glasses. As these 
glasses are not included in the List of Art, 17, they are tabulated 
here. Besides the ordinary data, the limits of wave-length to 
V':Whioh tlie investigation extended in each case are given. 



r 




lO-i, 


io»a, 


JOT, 




**» 


I0»4 


- 


10^ 


I0»^ 


lOV 




1-56207 


837 




Sfl6 


687 


479 


2iy20 li — 0'S261 M, 




664 


701 


672 


O. 1092. Light Baryta Crown, 








655 


601 


489 


2-200(1— 0-2783 M. 








651 


70S 


573 


8. 204. Boral* Crown, 

1-977 M~0 -2763 >., 


1-51007 


868 


ofl-8 


581 
669 


6M 
69.S 


482 
566 


0. 1143. Den>e Barium SilioteCrown. 
2113;. -0-283:^, 


1-117422 


1006 


67 1 


640 
636 


704 
700 


5S4 
581 


0. 1151. Silicate Crown of high dig. 














2-12di— 0-20S0 ^ 


vsxca 


1003 


51 '8 


634 
632 


713 
711 


597 
595 


0. 461. Light SUicate Flint, 
2490 ^—0-2980 ^^ 


1-67524 


1396 


41-1 


855 
613 


901 

710 


840 
602 


0. 40B. IVnie Silicate Pliol, 
2-502 ^-0-3-261 fi., 


1-&49SG 


1027 


337 


1105 
605 


1382 

717 


1194 
620 


a SCO. DeiiwSiUcateFliDt, yellowish, 
2-316 /t— 0-3403 c. 


1-75130 


2723 


27 8 


1600 

688 


1961 
720 


1709 
628 


,^■103- I>cituat.S>l>MteFlint,ysUow, 


iRRonn 


3097 




2293 


2895 


2603 


E 2'3eS fi— OS340 M, 






674 


724 


651 


■■1442. Verr dense Baryta Crown, 
■ 0^es>'— 03133 u, 


1-60950 


1062 


57-4 


879 
639 


750 
706 


614 
578 


B'lSSU. Denae Bat7ta Crown, 
» 0-768 «— 0-2S37 f. 


1 57383 


1006 


57-0 


632 
628 


716 
712 


672 
569 


■l I2S0. Crown of high dinranion, 
K 0-7S8 >(— 0-208(1 /I, 


1 53046 


1010 


51-5 


636 
630 


708 
690 


689 
683 


Llm. BaryU Lead Gia». eon- 














■ tuning AlluJi, 

■ 0-7S8 1.-0 3061 M. 


1-68383 


1344 


46-8 


774 
622 


896 
720 


742 
006 



PtTaber Dlipenion ultTaroter StrmUen, Amu. d. Pity-, u. CAnn., 45, 238 <1892). 
Vabar Di^Mnian ultrarloletter Slrahlen, Dimeri. BrHi; 1894 ; Extraot ii 
k d. Pkgt. m. Chnn.. 53, 542 (1S94). 
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Infira-red Spectrum. — Rubens determined the dispersion for 
the first nine glasses^ from the G' line down to the limit men- 
tioned, using the method of minimum deviation by prisms ; with a 
bolometer for the infra-red region ; the bolometer having an iron 
or platinimi wire according as the dispersion was strong or weak. 

A parallel beam of light, formed by placing a lens in the path 
of raj's from a Linnemann's zircon burner, was thrown at 45** upon 
a pair of glass plates pressed together so that the layer of air 
between was very thin. The reflected rays were brought, -by a 
second lens, to a focus on the slit of a spectrometer, the im£^ of 
the source filling the entire length of the slit In the spectrum 
formed by the instrument dark vertical bands were seen, due to 
interference of rays reflected at the two surfaces bounding the 
thin layer of air. The wave-lengths of the extinguished rays 
art^ determined from the equation, 

m.X, = i: (1) 

where m is any one of a series of "consecutive int^ers, and K a 
constant equal to 2d cos a. d denoting the thickness of the layer 
of air. and a the angle of incidence on the glass, here 45\ 

The de\'iations for the four lines of kn(»wn wave-length, G\ F, 
i>. and 0. weiv detennineil from the scale-readings : and the wave- 
length ivrrvs^jx^nding to any other deviation could then be obtained 
by graphic interpolation. The wave-lengths for the interference 
bauvls lying in the \isible si^ectrum were thus found. Now, 
supix>ring the fir^t wi bands to lie in the infra-red, the first 
Ivuid Wsiblo in the nnl will Iv the ^m-hl)th. the second the 
t"?%-r2^th. . . . and Si> on. and w can easily be found from the 
equationsw 

(m + lU«-^,=^»w-h2U«^j = etc (1) 

The prvxluots v"* + lA,,^i. ^m-hS^X^.j, etc.. gave a series of 
\"alues tor A" whi>se mean was taken. 

TJie bolometrio investigation of the infra-reil ilispersion followed. 
The tir?t minimum of the iralvanomotor deflection indicated the 
I.v\>:::ori of the tirst intoriVixnuv l>and. Its order m and the 
cor.s:<u:: K Iving kuv^wn. the vvrre^ivuding wave-lei^th was 
civor. by ^1\ The jx>sitious and wave-lencths of the remaining 
bands wen;^ siiv.il.-iTky obiaiutsi. The maxinuini galvanometer 

'AW &v w;fts«r. VisolphKW oif c«urUw, x>rKU, l<ieiuoU «)Uitftz» mr¥ — H, ^^ 
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iletiections were as marked tia the uiiiiima. and were also utilieed 
for the determinations. Tht* wave-length coiTesponding tit a 
maximum is K/{n+^), if m, n+1. l(e the orders of the two 
neighbouring minima. Six minima were found in the infra-red 
for each of the eight glasses, exoept 0. 1092, for which only five 
were found. 

RubenB gives disperaioQ curves plotted from his measures, with 
wave-length as ahsciaaa, and index aa ordinate. The curve for 
the glass 0.1151 is reproduced on a reduced scale in tig. 2, 
I mm. representing 30\ — 10Minonedirection,a.ndl000n— 1490m 
in the other. The live crown glasses show a point of inflexion in 




the infra-red region, hut the flint glasses do not. A later in- 
vestigation' of the dispersion of the flint glass 0. 508, with more 
perfect apparatus, gave, however, a distinct point of inflexion at 
about X= r5M. 

Ultra-violet Spectrum. — Simon determined the dispersion for 
all 1 3 glasses' from the A' line down to the lower limits of wave- 
Icngtli al<uve stated, using prisms of about 30°. In the region, 
between A' and G', the method of minimum deviation was used. 
The ultra-violet region was examined photographically by the 
tiomial incidence method, using the zinc and cadmium liiifs. 

The zinc, or cadmium, was placed in the crater of the positive 



1 Ammaln d. Pli^k u. CIttmit, 5 
* AIm tor qnftTU, fluonpu', wc 
— ilWM lililliiliii 



, 367 (ISM)- 

cr, benzol, xylol, ckrbon biaiilphiilc, ktitl 
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carbon of an arc lamp, and the bright line spectnim thus pro- 
duced was photographed on Schlenssner plates, by the help of two 
achromatic objectives of quartz and fluorspar, made by Zeiss 

* 

from Czapski's calculations. A sharp image of the whole spectral 
r^on from 0*360m to 0'202Ai was formed on one plate. The 
wave-lengths of the lines in question were known from Comu's, 
and Kayser and Runge's investigations. Preliminary trials had 
shown that the interference method used by Bubens in tiie infra- 
red was not suited to the ultra-violet, as the interference bands 
grew more and more diffuse with the rapidly increasing dispersion. 
The indices obtained by Simon may be regarded as accurate to 
the fourth decimal. 

Simon, also, has plotted dispersion curves from his observations, 
with the wave-length as abscissa and index as ordinata Those 
for the first nine glasses join on very well to Bubens', except for 
a slight parallel shift So far as this shift arises from small 
errors of observation, Simon claims the greater accuracy for his 
own determinations. 

A simimiar}' of the observations is given in the following table 
by Simon.^ The first column contains the wave-length in 
thousandths of a millimetre, the remaining colunms the indices. 
The values for the \'i8ible and ultra-\'iolet regions are from Simon's 
actual obser\'ation8 ; the values for the infra-red were obtained 
from Rubens' determinations, with the aid of graphic interpolatioD, 
which was necessary l^ecause the wave-lengths employed were not 
the same for different glasses. 

24. Absorption. Theory indicates that the dispersion exhi- 
bited by a colourless transparent sul>stance is essentially connected 
with the absorbing powers of the substance for rays in the infra- 
red and ultra-Wolet. 

Assuming the existence of only two eflTective absorption bands, 
one in the infra-reil with its centre at \, and the otiier in the 
ultra-N-iolet with its centre at X^, the elastic-solid tiieory leads 
to the eiiuation 

'^^'"'-xA^-'x^^* <^> 

for the index n at any intermeiiiate wave-length X. Rubens has 

^ Ann, f/. Pk^itil n. Cktm., 53, 555. 
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shown ^ that his later detennmations for the dispersion of the 
dense silicate-flint 0. 500 from 0-40444/li to 4-06/li are well repre- 
sented by equation (1), when the values allotted to its five con- 
stants are: a2= 6771 6, Jlf^^ 15082, Jlf2=0-03672, Xi*= 394-65, 

X2^=00404. The observations would accordingly be explained 
on the assumption of a lower absorption band at about 19'9 fi, and 
an upper one at about 02 fi. At any rate, the lower band seems 
to be a long way below the visible region, and the upper band 
very near it. Indeed, the yellow tinge of the glass shows that 
the upper absorption band encroaches on the visible r^on. 

A graphic representation of the dispersion of a glass shows 
})lainly the influence of both absorption bands, if the observations 
extend far enough into the infra-red. The readiest mode of 
representation is to plot the curve n=J[\), as has been done in 
fig. 2 (p. 43) for the glass 0. 1151. 

[The axis of abscissae in the figure nms from right to left for 
increasing X, as is shown by A' being to the left of G'J] 

The dispersion is then measured by ^dn/dX, that is, by the 
tangent of the slope of the curve. As will be seen from fig. 2, it 
increases rapidly in passing from the red to the blue end of the 
visible spectrum ; and in the case of flint glass the increase is 
still more rai)id. Thus, in all cases, the influence of the upper 
absorj^tion band is plainly discernible, as the result of diminishing 
X in equation (1) would lead us to expect. On passing from the 
red to the infra-red, the dispersion at first goes on decreasing, 
then reaches a minimimi (as shown by the point of inflection in 
the dispersion curve), and then begins to increase again in con- 
He([Uonce of the approach to the lower absorption band. It is 
dilticult to estimate the exact position of the point of inflection, 
as a considerable lenj^th of the curve in its neighbourhood is 
nearly straij^dit. In all the nine curves drawn by Eubens for the 
j^rlasHCH wliich he (jxamined, the effect of the lower absorption 
band is less (:(>nHj>i(;u()UH than that of the upper. In the case of 
the four flint j^lasw.^H, the observations would have had to be 
carried iiiucJi further in tbe infra-red to reach the bend at the 
lower end of the diHjxjrHion (;urve. In the five crown glasses the 
curve begins to IkjikI just at the last. 

On tlie whole, eveiy thing ])ointH to the conclusion that the 
upi>er abHorjition hand lic-s doeidedly nearer the visible r^on 

' Ann. d. Phyn. u. Ohftn., M, 480 (1805). 
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than the lower band ; and also that in flints the upp " ^ud is 
still nearer and the lower band still further otf than in ot\. 

The influence of the infra-red absorption is more distinctly 

brought out by drawing the dispersion curve '"=^71) instead of 

n=J{\), as may be seen from fig. 3, which represents the F curve 
for the same glass whose/ curve is shown in fig. 2. The scale of 




ordinatee is 1 mm. for 500n — 740/i, and of abscissae, 1 mm. for 
4/X*, the unit for X being the thousandth of a mm. as before. 
The point of inflection of the new curve falls within the visible 
region, thus leavii^ room for the dispersive influence of the lower 
abeorption band to display iteelf in the infra-red. The diflerence 
can be explained by means of the identity 






m-^^^ 



(2) 



Since 



dn . 



<Pn 



-p- is negative, j/,yji^ will vanish and become negative 

before ,^-5 vanishes and becomes negative, with increasing \. 

Since the point of inflection of the new curve lies in the visible 
spectrum for crown glasses, and never far beyond it for flints, the 



/ 



y^ 46 JENA GLASS. 

portion of the curve lying in the visible region will never deviate 
much from a straight line. Hence the simplest form of Cauchy's 
dispersion formula 

«=^+^, (3) 

will be approximately satisfied, especially by the crown glasses. 

As the curve F shows the dispersion relative to l/\*, and 
/ shows it relative to X, their slopes at corresponding points 
would be in opposite directions but for the fact that the axis of 
abscissae runs from right to left in fig. 2. In the interval 
between their respective points of inflection, the slope of / 
increases and that of F diminishes. Pulfrich,* following Sdl- 
meier's example,'^ has used the formula n = -?|[l/X*) in investi- 
gating the absoi-ptions in the infra-red and ultra-violet. 

26. Measurement of Absorption. The absorptions of a 
number of glasses have been directly determined. The measures 
relate partly to the visible rays with wave-lengths between 
0'677m and 0*436/x, partly to the more refrangible rays between 
0'434m and 0*3 7 5m, and partly to the infra-red rays. 

Absorption in the Visible Spectrum 0*677— 0*436m- The 
following observations were made by Miiller with Vogel's modified 
form of Glan's spectrophotometer,^ and are contained in a paper 
of Vogel's.* They refer to the five glasses 0. 340, 0. 102, O. 93, 
0. 203, 0. 598 ; having the running numbers 64, 38, 37, 13, 51 
in the list of Art. 17. 

The investigation was prompted by the circumstance that tJie 
flint 0. 340 and crown 0. 203 were the glasses selected for the 
objective of the great Potsdam refractor, and that the other glasses 
mentioned were to be used in the spectroscope attached to the 
instrument. 

^ Ann, d. Physik u. Ghenu, 45, 648 and 664 (1892). See also Winkelmanii's 
Handbudi d, Phys., II. 1, 326. 

^Ann. d. Phys, u. Chem,, 143, 272 (1871). 

^Berichte of the Berlin Academy, March, 1877. 

* Die Lichtabsorption als massgebender Faktor bei der Wahl der Dimension des 
Objektivs fiir den grossen Refraktor des Potsdamer Obseryatoriums. BerichU 
der Berliner Akademie, Nov. 1896 ; also Mathematische u, naturw, MiUeilunffeMf 
1896,623. 
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Tlie tliidinesB /3 (in milLmetres) of each of the glass platee 
and the index for the 6^ Hue X = 0'518ai are here given. 





0. ,340 


0. 102 i 0. B3 0. 203 

1 1 


0.698 


13= 
«6,= 


1*6 
13886 


100 
1-657 


lU-8 
1-632 


Ul-0 
1-821 


102-6 
1-519 



The loss by reflection ' 
Tormula 



I calculated by nieaiiH of Freanel's 



Psen 



R = l 






denoting the ratio of the reflected to the incident light for 
normal incideuce on glaae of index ?i. The value uf n for the 
!», line was used. 

The genenti law of absorption by a given medinm for light of 
^ven wave-length is, that the <iuaDtity of transmitted light 
jimiuishea in a coitstatU ratio for successive e^al distances 
tr&versed. The ratio of diminution for a variable diBtance x may 
therefore be represented by the expression c~^, e denotii^ the 
base of natural logarithms (2'7l8). Tlie constant multiplier k is 
[called the co-e^ient of abiiorj>tion. We sliftJl wTite K, for e'^; 
uid. to deduce the transmission through a standanl thickness a 
[rom the observed tninsmission through a tliickness ^, we have 

1 A'. = ('>'.)'. 

ttller reiluced his i>bservation8 to a standard thickness of 
10 cm., and thus obtained the following values of K^ for seven 
lifferent wave-lengths : 



X=. 0-677 


0-580 


0-S36 


0-S03 


0-477 


0-455 


0-436*1 


FKnt 0. MO 0'S39 


0-878 


0-907 


0-880 


0-880 


0-834 


0-080 


„ 0. 102 OTM 


0-829 


0-808 


0782 1 0-700 


0-663 


0-fl66 


„ 0. 03 lo94a 


O'OOS 


0-879 


0-871 ' 0-899 


0-807 


0714 


CMWB 0. 203 1 0-903 0-872 


0-888 


0-872 j 0-860 


0-822 


U-806 


„ 0. eoB oseo ' o-sis 


0-7K 


0-776 0-771 


0770 


0-797 



1 
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At X = 0*43 6m the observations were difficult, owing to the 
faintness in the blue of the petroleum flame employed as source 
of light. They were therefore repeated by Vogel, whose eyes are 
very sensitive to blue. He obtained the following values for JC,: 



X= 0*436 M. 



Flint O.340 0706 

„ 0.102 0-542 

Crown 0. 203 0765 

„ 0.598 ! 0-665 

I 

For 0. 598 there is a strikmg discrepancy between the two 
observers. Vogel gets much larger absorption here than Miiller, 
though their observations in the brighter parts of the spectrum 
were foimd to agree well. 

Absorption for the more Refrangible Bays 0434 — O'STSm- 
In the case of the three plates 0. 340, 0. 102, 0. 203, the investi- 
gation was carried further up the spectrum by the aid of photo- 
graphy.* The values of ^ and of the index for A (X = 0*410/*), 
which was useil in calculating the intiuence of reflection, are : 

O.340. O.102. O.203. 
^= 148 100 141-5 
7u= 1-601 1-682 1-532 

It is noteworthy that the absi>rption does not increase steadily 
as the wave-length diminishes, but i*eniains nearly constant over 
oonsidenible intervals, and then suddenly increases at certain places. 
This leads to abrupt extinctions of light of certain wave-lengths 
for oertiiin thicknesses. For example, a plate of light flint O. 340, 
10 to 15 cm. in thickness, stops all rays of wave-length less than 
;>T0u. With the heavy tlint 0. 102 there is a sudden fall in the 
inionsity of the transmit toil light near Fraunhofer s line £fl 

Further, it Wiis found that a plate alK>ut 15 em. thick of flint 
O. 340 pixnluoevl two aK^orption Kinds : one faint and diffused, . 
having its centre at 0*437 a. the other conspicuous, with sharply 
dotiue\l evlgi^s, at 0'4 1 S6 a. The bivadth of the latter corresponded 
to a dirteivnce of wave-length 00035/1. The latter band also 

i /^iJ., pp. Xiti^ and 69a 
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towed itself, tiut not so strongly, with a. plate of crown 0. 203 
»ut 14 cm. thick. The heavy flint 0. 102 showed no abaorp- 
1 band, 
In determining the absorption in the upper part of the 

I spectrum by photographic means, difficulty arises from the fact 
that, for a given time of exposure, the darkening of the Rliii does 
not increase in proportion to the intensity of the light, but more 
slowly. The effect, moreover, varies with the kind of photo- 

' graphic plate employed. In order to avoid this difficulty, Wilsing, 
to whom the following determinations are due, compared only 
negatives which bad been exposed for equal times to beams of 
Dearly equal intensities. Thus his measures only depend on the 
assumption that lights of equal intensity produce equal darkening 
in equal times. By means of Nicol prisms (as in Zollner'a photo- 
meter), two beams of different intensity were reduced to the same 
intensity ; and the ratios of reduction being known, the original 
intensities could be compared. Silver bromide gelatine plates 
were used. It was found that a difference of 5 per cent, in 
intensity was appreciable. The following values were obtained 
for A'.: 



X. 


om 


[0-418] 


0-400 


0-395 


0-390 


0-3T5« 


Flint O.M0, . . 
.. 0. loa. ■ . 

Crown 0. a03. - - 


0-569 
0-SOS 
0-667 


tO-411] 

[0-611] 


0-614 
0-463 
0-606 


1 BT 


0456 
0-025 
0-583 


0-388 
O-fiSS 



The niuaberB in bracketa are interpolated values for the 
alMorption band. 

Vogel also endeavoured to determine the alisorption of the five 
ghwaes in another way.' Strips of chloride of silver paper were 
exposed in sunlight for equal times, immediately in front of and 
immediately l)ehinil the glass plate to be tested. The degrees of 
darkening were numerically estimated by comparison with a scale 
prepared by gradually increasing exposures. As the paper could 
not l«e fixed and toned, the comparisou was made by yellow light. 
Equal dt^^rees of darkening indicated etjual products of intensity 
and duration. The action of each glass was determined separately, 

■ tbid., pp. 1SS8 uid 68*2. 
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and the glasses were also compared one with another. The 
following results were derived from a great number of observataons : 





A 


/r.. 


Flint 0. 340 


148 mm. 


0-526 


„ 0- 102 


100 


0-282 


„ 0. 93 


114-8 


0-356 


Crown 0. 203 


141-5 


0-589 


„ 0. 598 


102-5 


0-604 



These values of K^ are for the portion of the spectrum which 
acts most strongly on chloride of silver — a portion extending from 
O into the ultra-violet ; the strongest action being between h and 
H, In c€dculating the loss by reflection, the values 1*654 for 
0. 93 and 1*529 for 0. 598 were given to ti^ 

Finally, in view of the above-mentioned use to which the two 
glasses 0. 340 and 0. 203 were to be put, Vogel gives mean 
values to exhibit the difference between the visueJ and the 
photographic absorptions. 

For the visual rays, taking the mean of his own observatioiis 
and MuUer's, he deduces : 

Flint 0. 340. Crown 0. 203. 

Z.= 0-84 0-85 

For the photographic rays which act upon ordinary bromide of 
silver gelatine films (their action beginning at F and extending 
far into the ultra-violet, with maximum effect between H^ and 5^), 
Vogel adopts the following values and means : 

Values of K^, 

X Flint 0. 340. Crown 0. 203. 

0-455m 0-83 0-82 

0-436 0-69 0-79 

0-434 0-57 0-67 

0-400 0-61 0-70 

h—H 0-53 0-59 

0-390 0-46 0-58 

Mean, 0*615 Mean, 06 9 2 

Calculation of Coefficients of Absorption. From the 

definition A'', = c - ^, we have 
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Agiiin, &f will be unity fur a 



I thickueBS x = l/i: hence 

=1/.. 

k may therefore be defined aa the reciprocal of the distance that 
must be traversed in the absorbing Diedium to i-educe the intensity 
to 1/e of its original amount;' k ia aecordingly the i-eciprocal of 
a length. Employing the centimetre as unit of length, k can be 
deduced from the foreyoiiig tables liy the formula 



log,K,. 



The following values are thus obtnineil for i : * 



»= 


0-677 


0-580 


0-536 


0-803 


0-477 


0-435 


0-436^ 


Flint 0.8*0. 

„ 0. 102. 

.. 0. S3, 
Crown 0. 203, 

„ 0. 6«8, 


o-ooea 

0-0231 
0-0<»9 

OiJioa 

0-0151 


0-0130 
0-0183 
0-0102 
0-0137 
0-0201 


0-0098 
0-0213 
0-0129 
0-OlOH 
0233 


0-0128 
0-0346 
0-0138 
0-0137 
00254 


00128 

0-0367 
00106 
0-0151 
0-0260 


01S2 

Ofl4n 

0214 
0-0196 
0-0261 


00386 
00560 
0-0337 
00216 

0-0227 








r" 


0-434 


t04I9J 


0-400 


oaao 


0-37Sf 


^H Flint 0. 340, 
■ .. 0. 102, 
^f Crown 0. %S, 


0-0564 

0-0689 
0-0405 


[0-0890] 
[0-049.1] 


0W79 
0-O770 
00364 


0-0785 
0-3680 
0-0540 


0-0&47 
00540 



These figures show that the absorption of the heavy flint 
v. 102 exceeds tliat of the other glasses more and more ae the 
wave-lt!ngth diminiehee, and also that its absoiption for the longer 
waves is not surpassed even by the two crown glasses. It is a 
strongly absorbent glass for the whole spectral region investigated. 

At tlie red end of the spectrum the two flintfi 0. 340 and 0. 93 
are much less absorbent than tlie crowns 0. 203 and 0. 598. At 
the violet end tlie case ie reversed. 

' OklcnUtion woald bo fftoilitAtod if 10 were put in the place of r in de&ntng the 
toMdeat, of ahBarptioii The loguithm* in the formaUe of rednctioo would 
tttea be oonmon logBrithms ; and the coe:Kcient of ftbaorption would be the 
rDctprootl of Uie distance in whioh the intensity ■> reduced to iV eC it* original 
lunonot — J. D. E. 

' TIm fignra in bracket! relate to the absorption band. 
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Between the two flints 0. 340 and O. 93, as far as the com- 
parison extends, there is not much to choose. 

Of the two crowns, O. 598 is more strongly absorbent than 
0. 203. The coefficient 0227 given for O. 598 at X = '436m is 
Miiller s value, and is probably too small. Yogel's determination 
is 0423. 

Measurement of Absorption for the Infra-Bed Bays. 

Rubens has investigated the transparency to infra-red rays of 
the nine glasses for which he determined the dispersion in the 
same region.^ If two plates of thicknesses fii, fi^ be placed in 
turn in the path of a ray, and 7^, /• be Uie intensities after 
transmission, we easily obtain from equation (2) 

The ratio /^'/i w'as determined by bolometric observation, and 
k deduced by means of the alwve relation. The results are given 
in the following table : 



x= 


0-7 0-95 

-1 - 
0-00 001 


11 
0-06 


1-4 


1-7 


2-0 


2-3 


2-5 
0-85 


2-7 


2-9 


3-1/i 


S. 204 


010 


1 
16 [ 0-21 ' 


037 


1-25 


1-73 


- 


S. 179 


— OD-2 


0-05 


010 


018 0-40 


0-71 


014 


1-69 


— 


— 


0. 1143 


01>2 — 


0-03 


— 


0-05 0-07 


Oil 


017 


0-34 


0-75 


1-Sl 


0. 1092 


OOl 0-04 


01>5 


0-01 


0-01 01)9 


0-30 


0-34 0-51 ' 0-73 


1-24 


0. 1151 


01>2 - 


0-01 


0-01 


0-02 ' 0-06 


Oil 


0-23 . 0-29 0-79 


115 


0. 451 


OtK) — 


0-01 


— 


0-02 0-05 


0-08 


0-18 0-25 0-02 


1-09 


0. 469 


\}00 — 


0-02 




ODl 


0-02 


0-02 


0-03 ; 0-11 0-41 


0-69 


0. 500 


OtX) i - 


0-00 




0-00 


— 


0-00 


0-01 ; 0-06 0-30 


0-63 


S. 163 


01X> , — 

1 


0-02 




0-01 


— 


0-01 





0-06 


0-25 


0-51 



Taking into aooount lH>th the imurnitude of k and the distance of 
the rtlv^orbing region from the visible spectrum, the following 
eonc'hisioiis aiv eju^^ily dmwn. In the infra-red, the borate S. 204 
iiml the phospliate S. 179 an* the nu>st strongly absorbent, and 
the ei-owns O, 1143, O. 1092. O. llol, which differ little from 
one another, eonie next. The light tlint 0.451 occupies an 
interuuHliaU^ lH>sition U^twivn thi*se and the hea\'j' flints 0. 469, 
0. 500. S. 163. whieh aiv mueli less al»8orbent than the crowns. 



* Ahh, iL Physik u. CA«m., 45, 258 (1892). 
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!6. OomparisoD of Glasses — Contimied. A coinpaiifion of 

absoqitiuus of two ijubuUinces can uften be deduced from a 
iparison of their dispersions in difl'erent parts of the spectrum. 
iispersioD depended exclusively on absorptiou, a knowle«lge of 

quantities A, a, y detined in Art. 1 7 wonld suffice to give a 
'. to the position of at least one of tlie two absorption regiooH 
ihe application of the following rule, hi eouipariug two glassee, 
ine of them has tlia greater total diBpersion and at Uie same 
e a relatively large disiiersiou in Uie upper portion of its 
ctruin (eajiecially if accompanieil by relatively small diapereion 
the lower portion), then this glass lias stronger absorption in 

ultra-violet than tlie other. Interchanging the words npper 

lower, we obtain the rule for the indication of absorption in 

infra-red. 

Kb a matter of fact, dispersion does not depend excluaively 
HI ttlxMirptioQ, but IB inflnenced by othei- properties, eBpeciitlly 
dennity; but it is usually permissible to regard aieorption as 

main influence. There ia, however, one exceptionHl case 
ioh r«iiiiifes a iiifHliticatiou of the above rule. It the larger 
tl diapei-sion is due to gi-eater density, a larger relative upper 
jersion may be an indication of smaller absorption in the 
:a-red ; and in like manner a larger relative dispersion in the 
er part of the spectrum nmy be an indication of leas absorption 
the ultra-violet. We shall apply these remarks to the priu- 
U glassee in the list of Art, 1 7. 

rhe list contains eight heavy sUicntr fiitUs. Arranged in order 
increasing A, they form the following series: 68, 38, :)9, 40, 

42, 4S, 44, in which the value of y increases from term to 
'41, and there can be no donbt that this indicat«^s a profp^asive 
reuee of the upper absorjjtion. It is worthy of nol« that the 
ui dispersion increases more rapidly than the sinmltaneoiisly 
reasing density. The same remarks apply to the five ordinary 
mUfiinU: 34, 35, 36, 37, 67. But in the nine lighi Jtinis, 

75, 63, 29, 65, 64, 30, 31. 66, we find that the exclusive 
nence of the upper altsorption is no longer discernible : Xo. 30 
h il« small y is » well-marked instance. It probably owes 
high place in the series to its great density. Of the seventeen 
cnjftatia 6. II. 47. 46. 7, 50, 49. 9. 13. 51. 52. 17. 18. 54. 

23, 26, the last six form a group in which again the upper 
orption increases from tenn to t«nn. In passing fi-om 1 7 to 1 8, 
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there is perhaps also a diminution of the lower absorption. In 
the first eleven crown glasses, the dispersion increases very 
slowly, and the dispersion-ratios a and y progress irregularly, 
so that we can only compare individual members of the series. 
In passing, for instance, from 11 to 47, and from 50 to 49, there 
are signs of increase of the lower absorption* Thus it is only 
in the crowns that infra-red absorption makes its presence 
evident. 

Among the fifteen barium silicates, 12, 16, 53, 73, 71, 55, 72, 
20, 57, 58, 59, 60, 61, 62, 76, there are four crowns, 12, 16, 71, 
20. Density plays an important part in the case of these glasses. 
Tlie strange fact of two crown glasses, 71 and 20, appearing in 
the midst of a series of flints would at once suggest this. They 
evidently owe their place to their great density. The relation of 
the barium glasses to the silicates may be seen by comparing 
12 with 18, 53 with 56, 73 with 23, 20 with 26, 59 with 74. 
A glance at the accompanying table, in which the density is given 
imder " s" shows that the barium glasses absorb the ultra-violet 



12. O. 227. 

18. O. 114. 

63. 0. 463. 

56. 0. 381. 

73. 0. 846. 
23. O. 152. 
20. O. 202. 
26. O. 214. 
59. O. 527. 

74. O. 726. 



Barium Silicate Crown, - 
Soft Silicate Crown, 
Baryta Light Flint, 
Crown of high dispersion, 
Bar3rta Light Flint, 
Silicate Glass, • 
Densest Barium Silicate Crown 
Silicate Glass, • 
Baryta Light Flint, 
Extra Light Flint, - 



10*A 


10»o 


Wp 


lOV 


909 


640 


703 


566 


910 


634 


705 


672 


1020 


635 


706 


675 


1026 


629 


709 


5S2 


1042 


631 


707 


678 


1049 


628 


708 


682 


1092 


632 


706 


673 


1102 


626 


709 


684 


1133 


623 


709 


682 


1142 


623 


709 


686 



2-73 
2-55 
311 
2-70 
301 
2-76 
3-58 
2-73 
3*19 
2-87 



rays much less than silicates of only slightly greater dispersion. 
The fall in dispersion which would cceteris paribus accompany 
diminished ultra-Wolet absorption is, in this case, largely balanoed 
by the effect of increased density. It is true that a comparison 
of the partial dispersions of 12 and 18 or of 53 and 56 might lead 
one to conclude that barium glasses absorb the infra-red rays 
more strongly than ordinary silicates, inasmuch as their dispersion 
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at the lower end of the 
in8taniM> la furnisfied Ly tlif 



peclniiii is greater ; and a similar 
comparison of 0. 114^ and 0. 1151 : 
IW,. lO^a,. IffiSj. 
0. 1143, Dense barium silicate crown. 640 704 584 

0. 1151. Silicateerown of high dispersion, 634 713 597 

But neither RubeiiH' direct observations on absorption in the 
irifru-red, nor our knowledge of the run of dispersion in that 
r^on, indicate any strong infra-red absorption in barium glasses. 
Henc« the facts must be interpret^ as showing that in barium 
fflaasec the ultra-violet absorption is exceptionally small. This 
smalluesa of absorption tends to make the dispersion small, 
especially at the violet end, while the high density tends to 
make it lat^ 

Of the six boroailicates, 59, 5. 45, 19, 25, 27, only the last 
two are Hints. A comijarison of 19 witli 12, or of 27 with 61, 
leaves no doubt that in this group the intluence of lower absorp- 
tion is stronger than in the barium ghksses. This is also easily 
»een by compaiiug the partial dispersions of 25 and 58 : 

10»«i 10*^ 10% 8 
25. 0. 164. BorosUicate flint, 710 786 644 281 
58. O. 543. Baryta light Hint, 699 790 650 3-11 

The infra-red absorption of the borosilicaWs is also greater 
than that of the ordinary silicates. Hence we should expect 
their ultra-violet absorption to be leas, and a comparison of 4f> 
with 6, or of 25 with 74, justifies this inference. 

The seven borates. 10. 21. 22. 24. 28. 32. 33 are all flints 
except the first. Their infra-red absorption is still greater than 
that of the borosilicates. as will be seen on comparing 10 with 
45, 21 with 19, 24 with 2r. i 





lv^ 


10^ 


10»(J 


fO^ 


. 


10 8. 52 Ughl Bomte Crown. 


S40 


OCT 


700 


BBS 


2-24 


4S. 0. 599, Bor«iU»le Crawn, 


81.1 


661 


701 


662 


2« 


21. 8. 3S. Bonte Flint. .... 


996 


S66 


702 


S63 


2M 




929 


645 


704 


5?2 


2*4 


91. & &. Bont« Flint, .... 


1129 


6iS 


704 


871 


3-82 


S5. 0. IM. Botonliot^ FUdI. . ■ - 


m* 


837 


706 


ST8 


2-BI 



1 



722 


582 


2-57 


729 


596 


2-70 


720 


686 


311 


1128 


937 


3-51 


1124 


952 


3-48 


1142 


965 


3-67 
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A fortiori the infra-red absorption of this group exceeds that 
of the ordinary and barium silicates. The following are examples: 

10*^1 10*^2 IVi^ 8 

22. 0. 252. Borate flint, - - - 667 

56. 0. 381. Crown of high dispersion, 644 

53. 0. 463. Baryta light flint, - - 648 

32. S. 17. Dense borate flint, - - 990 

66. 0.318. Ordinary light flint, - 960 

76. 0. 748. Baryta flint, - . - 965 

The same thing is shown by comparing 10 with 11, 47, 46, 
7, 50, 49; 21 with 56; 22 with 23; 24 with 74; 28 with 
65 ; also 21 with 16, and 24 with 57, 58, 59, 60, 61, etc. It 
may further be remarked that, in comparing successive terms of 
the above series of borates, the influence of ultra-violet absorption 
becomes more and more evident ; and that there is no decided 
indication of infra-red absorption. 

The four phosphate crown glasses, 1, 2, 3, 4, having but 
weak dispersion, do not afford good comparisons. The influence 
of infra-red absorption is weaker in the first two than in the 
borates: 

lO^A 10»a IV/S 10»y s 
10. S. 52, Light borate crown, 840 667 700 555 2*24 

1. 0. 225. Light phosphate crown, 737 658 698 552 2-58 

2. S. 40. Med. phosphate crown, 835 654 702 557 3-07 

The same i-emark applies to the phosphate S. 179 when compared 
with the borate S. 204. In this case the inference is confirmed 
by tlie run of their dispersions in the infra-red. 

1 >i8per8ion from : 20 /jl — 1'4/u 1'4/jl — O'Sfi 

S. 204. Borate crown, - - - 00105 0-0094 

112 
S. 179. Medium phosphate crown, 00086 0-0079 

109 

The nunilK?i*s 1'12 and 1*09 writkMi underneath are the ratios of 
the firat dispersion to the second. These show that the influence 
of absorption is not nuich greater in the borate : a result con- 
firmed by Kul>en8* values of the eoeflieients of absorption. 
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lu the very dense barium pho8p[iat«8, 3 and 4, we again tind 
the smaU ullra-violet absurpLion cliamcteristic of barium. Their 
infra-red iiljsni-ption is somewhat less than that of Uie boro- 
silicates. 



t 









10»A 


10>a 


W/S IDV 


19.0. 


197. 


Borosilicate glass, 


929 


645 


704 672 


3.S. 


30. 


Uenee barium phos- 












pliate crown, - 


884 


644 


703 665 


IAS. 


16. 


Densest barium phos. 








1 




phate crown, . 


922 


641 


703 665 



2-64 



3-66 



\ 



The two barium phoe]»hate8 woulil thus seem to be the moat 
transparent of all glasses tor the ultru-violet rays. 

The Jive glaasee still remaiuing, namely, the three mic glassee 
70, 15, 48, the liuie silicate 8, and the potaeh silicate 14, do not 
fiimi§h verj- delinite <'Oncliisiona. I'erhaps, however, from the 
comparison of 14 with 17. we may infer that the influence of 
the lower absorption l)and is even weaker in potash glass than in 
iirdinary silicate crown. 

Comparisons of this kind do not lead to clear inferences when 
the substance of larger A has the smaller u and y, and there 
is tittle difference of density. Such an example is fumishetl by 
Uie two silicate glasses 40 and 9. 







WA 


ICa 


10>/3 


lO-y 


s 


l». 0, 567. 


Silicate erowu, 


- 859 


645 


704 


509 


2-51 


». 0.138. 


Silicate crown. 


- 872 


642 


704 


567 


2-53 



I the BefractioQ of Qlass. 
of given wave-length alters 



27. Influence of Temperature i 
The index of any substance for a ray i 
with the temperatui'e of the sulntance. In order to estimate 
the variations corre<;lly, it is necessary to conipui« the indices 
iclative to air at constant temperature, or to vacuum. I'ulfrich' 
invefltigated the influence of temperature on 1 '2 glasses (as well as 
on rock-salt, sylviu, ([Uiu-tz, and fluorspar), and showed that the 
observed temperature-coefticients, which, like those of most solid 
bodies, present an appearance of great irregularity, had a detitiite 
, ^ysicol signilicance. 

hy means of prisms made from the 1 2 glasses, their indices 
> Annal. d. Phyik o. Chtm., 4fi, BOQ (1802). 
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for the D line, and dispersions for the three intervals CD^ DF, 
FG\ relative to air at the same temperature, were measured (by 
Abbe's method of a ray returning upon itself). In the first 
instance the measures were made at the temperature of the room. 
The values obtained are given in the following table. As the A 



1.0. 225. Light Phosphate Crown, 

2. S. 40. MediumPhosphateCrown, 

O. G27. Borosilicate Crown, 

S. 205. Light Borate Crown, 

0. 1022. Silicate Crown, 

16.0. 211. Dense Barium Silicate 
Crown, 

59.0. 527. BaryU Light Flint, 

0. 658. Light BorosiUcate Flint, 

29.0. 154. Light Silicate Flint, 

O. 544. Ordinary SiUcate Flint, • 

42.0. 165. Dense Silicate Flint, • 

44. S. 57. Densest Silicate Flint, • 



Wd 



1-5160 
1-5619 
1*5128 
1-5075 
1-5173 
1-5727 
1-5718 
1-5452 



10»A 



734 
845 
806 
838 
860 
988 
1130 
1084 



1-5710 1324 



1*6130 



1-7545 



1652 



2738 



1-9625 4877 



10»C/> 



219 
253 
241 
255 
854 



70-3 
66*5 
637 
60-6 
60-2 
58-0 
50-6 
50-3 I S20 

43-1 : 

37-1 ! 
27-6 i 
19-7 ! 



W9^ 



10^ 



515 
701 



701 

564 
700 

583 



606 
705 

295 693 
701 

329 801 
709 

764 
706 

942 
i 711 

472 ! 1180 
714 

768 . 1970 
720 

1336 ' 3541 
. 726 



W^t 



lOS 



402 

548 



655 

449 
557 

459 

548 

475 
552 

560 
567 

658 
582 

622 
574 

789 
596 

1004 
608 

1720 
628 

3235 
663 



line, on iiooount of its faint iiess, was not ob8er\'ed, the dispersion 
5 from A X<^ A and the eorresjKinding nitio a, are absent from 
the t<ihk\ the disiH>rsion fix>in C to D being given instead. With 
this exception, tlio notation is the saiue as in the catalogue of 
Art. IT. Thi>so of the glasses which Mong to the catalogue 
have tlioir cataUvjjuo numlx^rs pretixeii It may be remarked that 
tlic siHcat4> ci\>\vn O. 10-2 is distinguisheil. by its small y = 0*552, 
from all the silicates in the gencnil list, none of which have j 
loss than 0o64, 

A sec»ond set of moasuivs were then nuule at higher temperature, 
the prism under examination Ixnng enclosed in a steam-heated 
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cluiintwr. The results ^ave the amounts by whitli the iiidiceH for 
the lines C. D, F, G' were changed owing to the joint elevation 
of temperature of the glass and surrounding air. A view of the 
interior of the chamber was obtained through a glass plnte, which 
was perpeudieular to the rays, and therefore pro*luced no delation. 
The change of index so found, divided by the corresponding differ- 
ence of temperature, gives the average change of relative index 
per dq^tree Centigrade, the air being at the same temperature aa 
the glass. The values thus obtained are reduced to vacuum by 
multiplying the oljserved relative index by the absolute index 
of tur al the actuul temperature, it l^ing assumetl that the 
ttbsolute index of dry air at 0° C. and 760 umi. is 1000 294 for 
all colours, and that for other temperatures and pressures n—l 
is proportional to the density.' 

Pnlfiich's results are contained in the following labia The 



k 


Temp«r*ture 


C 


D 


F 


0- 


Kol 285. Photph. Cr.. 


16-6'-9fl7' 
58r 


-0-202 
-0-093 


-0190 
-0-080 


-0168 
-Ofl37 


-01« 
-0-031 


Bs. M. Phoeph. Cr., 


21 0-99 -6 
60-3 


-0-314 
-0-204 


-0-305 
-0-194 


-0-246 
-0134 


-0-237 
-0-134 


1 O. 627. Bor. SU. O., 


68— 99-9 
52-8 


0-119 
O-KB 


0137 
0-231 


0-178 
0-293 


0-213 
0-329 


S. 306. Bor. Cr., - ■ 


20 5—99-6 
60-0 


-0-06B 
0010 


-0-074 
0-033 


-o-a-ra 

0-073 


-0003 
0-106 


a 10221 8U- Cr., 


19-(l-89-7 
50-3 


-0-129 
-0020 


-0105 

0-004 


-0-060 

0'050 


-o-oio 

0-101 


■ a 211. Bar. Sll. Cr„ 


10-6— 99-1 
57-8 


0-021 
0-132 


0-040 
0-161 


0103 
0-215 


0-142 
0-25S 


■ 0. 687. Bm.F1.. - - 


17-6-99-2 
68-3 


-0-008 
-0-103 


0-014 
0-126 


o-oso 

192 


0-137 
0-250 


a 66S. Bor, SU. R. 


19-3—99-2 
59-3 


0-287 
0-376 


0-298 

0-408 


0-356 
0-466 


0-410 

0-530 


a IM. SL FL, . ■ 


17-9-99-2 

58-.^ 


0'Z25 
0338 


0-281 
(1-372 


0-S34 
0-440 


0-407 
0-520 


■a M4. so. FL. - ■ 


111-991 
66-1 


0-244 
0360 


0-281 
0397 


0-389 
506 


0-503 
0-621 


■a l«B. 8U. Fl.. . - 


13-8-99 8 

56-7 


0700 

0-829 


0775 
0-900 


1-051 
1182 


1-311 
1-443 


S. 57. Hil. Fl.. ■ - 


18-5-9Bi2 


1-204 
I-3.M 


1-449 
1-588 


■2 090 
2-231 


•2-810 
2-064 



a thamy of tba experiment U given by Pul 
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column headed '' Temperature " contains the temperaturee of the 
two observations and their mean. The columns headed C, JD, F, ff 
give the average change of absolute index per degrea This is 
adopted as the true rate of change at the mean temperature. The 
nimibers are given in units of the fifth decimal place, and indicate 
an increase or decrease (with increasing temperature) according as 
they are positive or negative. Since the corresponding change of 
relative index is of practical importance, it is also given, under- 
neath the change of absolute index. 

Comparison of the values in the above table shows that the 
dispersions CD, DF, FG' always increase with the temperature, 
whether the indices increase or decrease. The single exception 
furnished by the interval CD for the glass S. 205 we shall 
disregard, as due either to some exceptional cause or to a mistake 
in the observations. 

C'hange of temperature also affects the run of dispersion, as is 
shown by the following figui^es, which express the rate of increase 
(per degree) of the absolute dispersion in millionths of its original 
amount : 







CD 
55 


DF 


FQ' 
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'\\w. iiMMjinility of Ww three numbers for any individual glass 
iiidicaU*H tliiit Mh* run of ilH (liH])er8ion luis l)een changed. 

Diminution of Index arising firom Diminution of Density 
with Bii6 of Tamperature. In attempting a satisfactory 
4'X|fluniitioti of \\w ohHiTved data, the fact must be taken, into 
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accfiiint that thermal expansion causeB dlminutiuu of density, nnd 
thus tends to diminish the index. Nevertheless, the indices of 
many glasses, espeoially Hints, increase with temperature; heaoe 
some other cause must be at work which overpowers the influ- 
ence of density. The following cnnsideratioiis niay throw some 
li>;ht on the subject. 

The true law of relation between index and density is 
(inkiiown. but attempts have Ijeen made to represent it by 
empirical formulae, based on the assumption that a certain 
quantity called the constant of refratitioii does not vary with 
changes in density due to tempera tui-e. This constant is 
variously defined by the three following expressions : 



n-l 



-1 



n '-l ! 



n denoting the index and d the density- 
Employing each of these expressions in turn for calculating 
the change of index due to mere change of density in heating, 
nnd using the observed coefficients of expansion for the glasses 
in fiueslioii, Pulfrich found that in no single instance was 
there an actual diminution of index as large as the cal- 
culation gave. Hence it seems probable that, even in the case 
of those glasses whose indices diminish as the temperature in- 
creases, there is some counteracting cause at work tending to 
increase the index. 

This conclusion ia contirmed and rendered more detinite by the 
following cousideraticms. According to the first of the three 
expressions for the constant of refraction, the run of disiiersion is 
not affected liy change of density, [n^— 1, «fl— I, n,/—\, and 
their differences np — np, "/—tip would all diminish in the same 
ratio tut li.] All three expressions agree in making both index 
and dis{ter«iou diminish with increasing temperature. As a 
matter of fact, however, the dispersion increases. ["p— 1. 
ett% incnjase instead of diminishing, and the dispersions np— We, 
n^— tj, increase.] Thus the additional cause which we 
Iiave supposed to be at work tending to increase the index, 
also increases the dispersion, and further, this cause l>e- 
comeH more operative as the blue end of the spectnim is 
ai>pro«obed. 
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Strengthening of Upper Absorption Band with Increase of 
Temperature. The above reasoning points to the probability 
that the upper absorption band grows stronger as the tempera- 
ture increases, in all glasses, and especiallj in flints. This 
would account for the kind of increase that is observed, and 
would explain the fact that the dispersion always increases, 
though the change of index is sometimes positive and sometimes 
negative. 

IHilfrich, in fact, drew this conclusion and confirmed it by direct 
observation. He foimd that glasses which had only a slight 
yellow tinge at ordinar}' temperatures acquired a continually 
deeper tint when they were heated in porcelain vessels to 200", 
<^00\ and upwanis, up to the melting point (about 400*"). The 
effect, as might be expected, was especially strong in silicate flints : 
in S. 57 the boiling point of water was sufficient to produce it, 
and, on the other hand, a cooling mixture of solid carbonic acid 
lUssolveil in ether produceil marked weakening of the yellow tinge 
of tliis glass. When pieces of the glass were strongly heated, 
thi\v " gradually assumed the colour of dark amber ; and when the 
teuit)eniture was reached at which the glass b^an to soften, it 
ap}H*anHi dark reil or bn>wn." Spectroscopic examination showed 
tliat "ovou a small thickness of the hot glass stopped all rays of 
tlie visible sjHvtrum except a small jx)rtion in the red. The 
original yelli>w tingi* Wiis restoreil by re-cooling. The experiment 
<*ouId l)e reiH\iteii on the same piece of glass any number of times 
with tlie siime result, showing that the action was not chemical 
but purely physic^il." These experiments at the same time 
furuisluHl an inde^Hnuient explanation of the fact, observed by 
F. Vin^^I. that the index of flint glass changes more rapidly at high 
tlian at low temjHMatures ; * for the deepening of tint, which 
txvurriHl on heating the glass S, 57, was much more rapid 
at tl\e higher tom}H^ratun»s. These results are borne ont by 
phenomena often witnesstnl at the Jena Glass Works. It mav 
Iv addinl that similar plienomena an* exhibited by some other 
sulvst^uioes. 

28. Continuation, Extension of the Obaervatioiis to ffi|^ier 
Temperatures. At the suggt^iion of l\ilfrioh, the study of the 

» .liiimA rf. TAjM, •!, Ckem,. 2\ S7 vl$S5V 
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above-men bioned plieDOineuon was taken up by J. O. Keed,' and 
extended to temperatures as high as the conditions jiermitted. 
Seven glasses were exainine<l (and also the minerals oalc-apar, 
quartz, and tiiior-spar). Pulfrich's metliod was closely followed, 
but instead of the 0' line, a stroTi^r line Hg^ was used, and 
denoted by G". 

The optical characteristics of the glasses experimented on are 
given in tlie following table. The values under the headings 
u', y' ^^ analogous to a and y of the catalogue iu Art 17. 
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The five glaases contained in the catalogue have their current 
iiuml)ers pre6xed. The values of n^ are reduced to tempera- 
lure 20°. 

Tlic arrangements for observing at high temperatures are 

deecrilKHi in detail in Heed's article.' The results are calculated 

iu the same way as Pulfrich's, but finialler intervals of temperature 

[4re employed ; and the result for each interval is assigned to the 

1 temperature of the interval. 

Theee reenlte are tabulated below. The mean temperatures 
juflt referred to are given under t^: the remaining columns contain 
the correapondiag changes of absolute index per df^;ree in units of 
the fifth decimid place. 

MbboJ. a Pkiit. It. Chem.. 66, 707 (1898), 
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K\ulhov virtue iv^ As?iisi in drHwiuc v.vnolu5ions are given in the 
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The second coluuin, headed /,, indicates (somewhat roughly) 
tlie range of temperature within which softening occurs, lu the 
cases of 0.211 and 0.1299 the temperatures given are those 
at which any atreea present m the glass quickly disappears, 
and are not softening points in the usual sense ; trae softening 
not commencing till a much h^her temperature is attained. 
T denotes the highest temperature at which observations were 
made, «;, the relative index before, m'j, after heating. The differ- 
ence of the two is given in the last column. 

The observed changes of iuiiex, in every case, without 
exception, tended to increase the thi-ee dispersions CD, DF, 

F(r. 

The Hint S. 57 shows the greatest increase both in index and 
in dispersion : and the heating of it produceil such a large increase 
in t-he upper absorption band that the line (?" vanished completely, 
even at 100° — 1"20^ There is, accoi-dingly, only one ob8er\'alion 
for this line in the table of experimental I'csulls. The mle of 
increase of index, however, reaches a maximum lietween 200" 
and 250° ; and is decidedly lower at 28 T than at 233°. 
Reed suggests, as the explanation, the proximity of the melting 
point. 

For S. 163 the 6" line vanished at a little above 300". No 
maximum was observed in the rate of increase of index. The 
highest temperature to which the glass was exposed was 364° : 
and as no sign of softening was here oltserved, the melting point 
must have Iwen considerably higher. 

The Hint O. 165 ranks third as regards index and dispersion, 
and also as regai-ds increase of absorption. As this glass with- 
stOfKl a temperature of 408" without showing any change of 
form, its melting point must be much higher. 

In the cusB of Llie light flint 0. 154, the riB(> of index attains 
a maximum l»etween the mean temperatures 250^ and ;i5.^\ 
The indices begin to decrease during the last oleer^'ation-interval. 
tlie decrease lieing nmch more rapid than the previous increase. 
Tliis HUggents that, in the case of S. 57, the maximum met with 
in the rate of increase of index was the premonitorj- sign of u 
reversal, such as has actually taken place in O. 154. The thermal 
tiiriation of index must be zero for 8oiue temperature l)etween 
3.10' and 400°. ITie tucreuse of dispersion gives no sign of 
falling off; hut. on the oontrarj', as is shown by the accompanying 
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figures, grows more and more rapid, and is very large for the final 
interval. 

CD DF For 

24 57 53 

38 94 92 

59 98 102 

62 112 119 

141 216 175 

There can be little doubt that at the last the glass was 
not far from its true softening point; and we have Uiiib 
evidence in favour of the explanation put forward in the case (rf 
S. 57. 

The three remaining glasses, 0. 527, O. 211, O. 1299, exhibit 
only a slow rise of index, nearly proportional to the rise of 
temperature. The increase of dispersion is also small, a fact 
consistent with the weak absorption of these glasses. The 
H{H3Ctrum lines remain bright and sharp even at high tempera- 
tures. Tlio highest temperatures of observation are still far from 
the melting i>oint 

The aj^'n>cinient with Pulfrich's previous observations of the 
five ghi8H08, S. 57, S. 165, 0. 154, 0. 527, 0. 211, is very satis- 
fm».ti)rv. 

Tlu» viiluoH of Un'-nj, show that, in the case of the glassea 
which weiv not heatol to near the softening point, there was no 
ai)i)nH'iiil>lo change of index. In those wliich were further heated, 
the index was iliniiuisheil, especially in the case of S. 57 and 
O. If) 4. It may he mentioneil, in explanation, that when optical 
j;:lasst»H ai*i» UwA fnnu sti'ess by '* tine-cooling " the index is 
somewhat raised. When, however, the same glasses are heated 
ant^w to the Hoft^Miing )Hnut, and then cooled without special 
]>nvaution. tlie index is again lowereil, and becomes nearly the 
same as if tlie gh»ss hail Invn nieivly cooled in the ordinal}' 
way. 

20. Optical Properties of quickly cooled Olasses. Whoi a 

himp of ghiss passrs. hy rapid eimling, from the plastic to the 
solid Ht4ite. the o\iter juirtions solidify while the interior is still 
soft, .\m the eooling aihl its attendant shrinkage proceed, the 
o\iter luvtMs an* hnuight into a state of thrust and the central 



^^ OPTICAL PROPERTIES OF GLASS. M 

jjortions into a state of teosiou. The glass, wheii it has cooled 
down, is thus neither optically homogeueous nor optically isotropic; 
Aud accordingly produces both curvatnre of rays and duubk 
refTBCtion. 

The former uction was studiei^l in glass cyhiiders obtained by 
pouring melted glass into iron tubes. The double refraction was 
observed in glass p1at«s, obtained by putting a fragment of clear 
glass into a fire-clay mould, gradnally heating it till it first 
fioft«ued and then ran in the mould, and afterwards cooling it 
rather (juickly. 

OyUudrical QlasB Plates aotiof like Divergio; Ztenses. 
Some (piickly cooled cylinders were made by Schott (1886) at 
the request of S. Exner, who, like others before him, had been 
led, from study of the eyes of animala, to investigate the dioptric 
pi-operties of eylindrically stratified niedia.^ From the mode of 
preparation of such a glass cylinder, it is natuml to suppose tliat 
it« geometric axis will also be its approximate optical axis of 
synunetry, and that it will be doubly refracting aft«r the manner 
of imi&xal cr^'stals. while at the same time showing an increase 
of index from the axis outwards. Sup])ose the end of such a 
cylinder to be ground to a Hat surface perpendicular to Che 
axis. A ray of ordinary Uglit incident on this surface will 
be split into two rays polarised m and perpendicular to 
the plane through the axis, like the ordinary and extraordinary 
my in a uniaxal crystal This double refraction will be 
imly slightly noticeable if the incident ray is nearly parallel 
to the axis and the cylinder so short as to be merely a disc. 
But, in all cases, that ray at least which is polarised in tiie 
pUuic of the axis will follow tlie same law as a ray of 
ordinary light in a singly refracting medium etratifietl eylin- 
drically. 

Now it will eaflily be seen that, according to Huygena' principle, 
a parallel pencil falling on the whole end surface of the cylintler 
iit the <Urection of the axis will, owing to beniling of the ruys 
within the glass, l)e rendered divergent or convei^nt according 
OS the velocity of the light in the outer layers is less or greater 
tlian in the inner layers, i.f., according as the index increases or 
decredsos from the axis outwards. For any ray iu a plane 

' U«bw Cjrtiiiiler w«lebc upUacbe Bildcr tatworTcn, PJliger* Arehivf, d. ft*. 
" ,,M,p.2Ti(l)t8e).>nd3y,ii.244(IS8C). 
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through the axis, the curvature at any point is given by the 
equation 

- = CO80, .--.(1) 

p n ^ ^ 

where n' = ^; 

ax 

p being tlie radius of curvature, n the index at the point, x its 
distance from the axis, and ^ the angle which the tangent to the 
ray makes with the direction of the axis. If the index increases 
outwards, the curved ray is convex to the axis, and p is n^ative; 
the opposite is the case if it decreases outwards. A ray incident 
normally on the end surface of the cylinder will (at least near 
the point of entrance), be more curved than one obliquely incident 
at the same point, as is seen from equation (1). 

The law of curvature expressed by (1) was first given by 
Bravais,^ who deduced it from Huygens* principle, for the case 
of a mediimi stratified in parallel planes. An argument against 
Mongers theory of mirage was removed by it. Bravais* paper 
being but little known, the law was rediscovered [by James 
Thomson, who published it at the British Association meeting 
in 1872; and numerous consequences were shortly afterwards 
deduced from it by E^'erett,*^ who discussed its application to 
cylindrical stratification.]^ 

If, from a glass cylinder in which index is a function of 
distance from the axis, a plate be cut having its faces per- 
pendicular to the axis, this plate will act as a dispersive or 
collective lens, according as tlie index increases or diminishes 
outwards. When a pencil of parallel rays is incident normally, 
the curvature impressed on the rays within the plate takes the 
place of the deviation due to the prism-like action of an ordinary 
lens. As shown l)y Exner,* the analogy between lens and plate 
is complete when the index satisfies the relation 

7l = 7i(> + C.r-, (2) 

where Uq is tlie value of n at the axis, and c is a constant In 

1 AnnaJea de Chim. et de Phys., 46, 492 (1856). 
*[See two papers in PhU, Ma*j., 1873, and Deschanel, Part. IV.] 
^[The original cites continental rediscoveries of much later date.] 
^Compare conclusion of paper quoted above, and another ** LinBonwirkiuig 
nicht homogener Korper,** Ami, d. Phyn, %i. Chem., 28, 111 (1886). 
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this case the image formed by the plate of a bright point on its 
axis will have the same degree of sharpness as in the case of a 
lens, and the well known lens formula, connecting the distance of 
object and image with the focal length, will hold unchanged for 
the disc. In the case of the disc, the focal length will depend 
on the thickness t of the plate and the constant c, the law^ being 



/=-. 



2ce' 



(3) 



Quickly cooled glass cylinders only give dispersive plates, as in 
them c is always positive. Fig. 4 illustrates Exner*s proof of 
the formula for collective plates. 




Fio. 4. 



OC is the plate, AB the axis, -4 (7 the incident, OB the emergent 
ray. The thickness of the plate is neglected. We have 

If a, )8 are small angles, and AO = a, OB=h, we may put 



From (1) 
and hence 



Xr ^ X 

a = -, P = J- 
a ^ b 



a b 



— «n. 



Now if relation (2) holds, n = 2cXy and thei^fore 

a b 

' [This can be proved as follows. For rays of small inclination to axis, ( 1 ) gives 

1 n' 

- = - , which by (2) is - 2cx/n. Angle between initial and final directions in 

glass =tlp= - 2c€xln, Angle between incident and emergent rays in air = - 2cex. 
This must be equal to xlf if / is focal length of equivalent lens. Hence 
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Couuting distances measured in the direction in which li^t 
travels as positive, and those in the opposite direction as negative, 
and sulistituting from (3), we obtain finally 

1 1 _ 1 

Doable Refraction of quickly cooled Olass Plates. Glass 

eylinders, such as these we have just been describing, when 
placed between crossed nicols in parallel light, give concentric 
coloured rings like those which a uniaxal crystal platie cut 
perpendicidar to the axis shows with divergent light. The 
appearance is, however, less regular, and is disturbed by the 
veins which are always present in the cylinders, especially if 
the thickness is considerable. Czapski therefore chose quickly 
cooled glass plates instead of cylinders for investigating double 
refraction.^ 

The plates were prepared in the manner described above. 
Using only verj' simple apparatus, consisting of a collimator, a 
telescope, and two nicols, he arrived at practically the same 
results as were previously obtained by Kerr* in a similar 
investigation with more elaborate appliances. 

The collimator and telescope, each of 86 mm. aperture, and 
.')80 mm. focal len^tli, are placed horizontal and directly pointing 
at one another. Tlie glass plate to be examined is laid between 
them in a horizontal position, with two opposite edges at right 
angles to the common axis of telescope and collimator. These 
ed^^es are ground and ])oli8hed so as to form parallel vertical 
planes. In the focal plane of tlie coUmiator is a horizontal slit, 
before wliieh the polariser is placed with the plane of polarisation 
inclined to the horizon. The telescope, adjusted for infinity, is 
directed upon the slit, whicli is illuminated by a lamp. The eye- 
piece of the telescope is then removed, the analyser inserted in 
its stead, and the draw tul)e pushed in to enable the eye to l>e 
placed at the focus of the objective. With crossed nicols, a series 
of approximately straiglit and horizontal interference bands will 
then be seen, showing vivid colouring with white light. In each 
half (upper and lower) of the field there is one dark imcoloured 
band, and the coloured ones are symmetrical with regard to it. 

^Annal, d. Phyn. u, Chem., 42, 319 (1891). 
. 2 Phil. Mag., 26, 321 (188S). 
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"Witli monochroinatio (sodium) light the bands seeu are alternately 
l>ri(;ht und dark. Id both cases they are broadest at the centre. 
This experiment teaches that a quickly cooled glasB plate is 
mode up of a munber of optically dissimilar layers approximately 
parallel to ite faces. A ray of light on entering any layer is 
split into two. polarised, parallel and perpendicular to ttie plate. 
Let «p and n, ))e the iuilices of the two polarised rays. In tho 
middle layer of tlie plate «p<M,, and as we travel oulwarda 
towards the surface n^, increases faster than n„. bt the layer 
giving rise to the dark hand with wJiite light n^ = n,, and it may 
therefore he called the neutral zone. In the layers outside it 
n^>nt. If y be the number of dark bauds in either half of the 
plate with monocliromatic light, we have 

{n-n^),-{n-n,}. = q^ (4) 

where n is the index of the external layer, n^ of the central layer, 
X^ the wave-length in air, D the breadth of the plate between its 
polished etlges, and the subscripts p and s denote that the light is 
polarised parallel and at right angles to the plate respectively. 

tjieh of the two neutral zones behaves like a singly refracting 
medium tjetween cro»8«l nicols, a fact which explains the presence 
of the corresponding dark Imnd. 

re next dark Iwind on the outer side is given by 
^^■ <^) 

and uu tho inner si<lt^ ly 

■" " 1 «1 

x,-x=-' <"> 

X^ X, denoting in either case the wave-lengllis of the coniponeute 
polariaod parallel and at right angles to the plate in the layer 
bordering the neutral zone. For. wlien the difference of phase of 
the two perpendicularly polarised rays amounts to a whole wave- 
length, they will combine in the same way as if the phase differ- 
ence were zero; and the same is true for a difference of phase 
amounting to any whole number of wave-lengths. The complete 
aeries of dark bands is therefore obtainetl by sulwtituting the 
t]umbn« 2, :i. ... for I in ecpiations (5) and (G). Now if \ be 
the wave-length of a ray of monotrhromatic light in air, the wave- 
JfingUi X in A nieiliuiii whose index ttt n is given by nX = X^ 
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Substituting for X^, X„ in equations (5) and (6) by means of this 
relation, equation (4) is easily obtained. 

The optical results just described correspond to what we should 
expect on considering the manner in which such a glass plate 
passes from the soft to the rigid stata The internal layers must 
be in a state of tension, the outer of compression (or thrust); 
hence between the two there must be an intermediate layer free 
from stresa 

The differences {n — n^)^ and {n — n^), on the left-hand side of 
equation (4) may also be determined independently by a dioptric 
method. Suppose the eyepiece replaced in the telescope, the 
analyser having been withdrawn, and let the polariser be placed 
with its principal section parallel to the glass plate, i.e. horizontal 
On adjusting the telescope for infinity it will be foimd that the 
image of the slit is not in focus; for a parallel incident pencil 
becomes divergent on traversing the plate. I^t ej, be the distance 
the eyepiece must be pulled out in order to get a sharp image, 
and let «, be the corresponding distance when the principal section 
of the polariser is at right angles to the plate, i,e. verticcd. If 
Cp and (?, be measured, the two required differences can then I* 
calculated from the formulae : 



r^ e 



('^'''^o)p-2fD' f+e. 



.(7) 



2fD f+e.J 

'It l)eing the thickness of the plate, and / the focal length of the 
telescope objective. 

The following is the proof. Putting r for x in equation (2), 
and Z) for c in equation (3), we have 

^ " ^li^" 'lD(n " ny 

The distances F^, I\ of the centres from which the i-ays diverge 
after transmission through the plate are therefore 



t 



Since lx)tli f^/t arc (on account of the sniailness of n — «,) Iai>;e 
coinpai-ed to the <listance of the glass plate from the objective, 
they may also l>e regartied as the (listanees from tlie objective. 
Hence we have 

If we eliminate t\ and F, fi-om equations (8) aijd (9). we 
arrive at equations (7), The process which has here been 
employed differs somewhat from Czapski's, which does not lend 
itself tn a short summary; the numerical results, however, are 
scarcely affected by the change. 

The foUowiin; table contains three sets of observatioue aud the 
values deduced for \ = in — nj^. A, = (n — m,)„ and A^ — A, 
Set ji relate to a circular disc of crown glass ; set £ to the same 
disc, with the outer layers aa far as tlie two neutral xones screeueit 
oS^ so that here n ~- n., denotes the difference of indices of the 
tieutrul zone and the mid-layer. Set C relate to a rhomb of flint 
glass. The quantities given are the means of numerous olserva- 
-laoDs made at different times. Lengths are given in millimetres, 
id for the wave-length of the sofliiim b'ght enipt'iyed the vjilue 
\\= 5893 X 10'' mm. is asanmeii. 
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A- 


7 


t. 


'. 


IIP 4, UPi. 10^(4, - A,t 


lli'(A,-iJ 




iin 
ise 






18-0 
I8i) 
21 -.1 


9-0 
9-0 
17-0 


Fromnjiu. (7). 


F™m«,n.(4). 


h 


15 
36 


9 


911 
l«3 


46S 446 
156 148 
1170 088 


420 
ISI 
339' 



The values obbtined by the two independent methods are in 
hir agreement, and afford useful information with regard to the 
refracting properties of quickly cooled glass. It will be mtUoeil 
tliat for the crown glass Ap is al)oiit twice a.s great as A, 

Diaappearance of Double Refraction on heating the Qlau. 
gliuw in a. state of stress is kept for s.nin- linjc nt a high 
il>enituiv, the streanes gradually diaqipeiir. Altliough this 
involves penuantMit displacement of elementary (Kirtimis, 

ia nanlt wu calcnUted from the lUtnl iiumlwr q-9. Appvently Cikpiki 
d th* TAlne 7-8 iiutexi, which ([ivea 30'i: 
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it b^ins at temperatures much below those at which softening, 
in the usual sense of the word, takes place. In studying the 
conditions for cooling optical glasses without the production of 
stress, Schott endeavoured to determine for each glass the lowest 
temperature at which relief of stress began to show itself by 
diminution of double refraction.^ 

He employed glass cylinders 10-15 mm. in diameter and 20-40 
mm. in length, with their ends plane polished to admit of clear 
\ision through. The number of coloured rings shown by such a 
cylinder between crossed nicols increases with the amount of 
stress. Thus, if a glass cylinder on being heated shows fewer 
rings than before, a diminution of stress may be inferred. In 
Schott's experiments the heating was carried on in a themio- 
regulator which pennitted temperatures of SSO"* — 477** to }ye 
maintained. 

Five glfisses were examined, namely, ordinary crown 682, 
ordinary flint 672, borosilicate crown 792, Jena normal thermo- 
meter glsiss 16"', and the borosilicate thermometer glass 59"'. 
The lowest temperatures at which there was an undoul>ted 
diminution in the number of rings were : 

Crown 682, - - - - 400°— 410^ 

Flint 672, - - . - 350 —360 

Borosilicate crown 792, - - 400 — 410 

Thermometer glass 16"', - - 400 — 4 1 

Thermometer glass 59"', - - 430 — 440 

The time of exposure to the given temperatures was 20—24 
hours. Exposure to lower temperatures for the same time had 
no eftect, while higher temperatures made more rings vanish, 
i.e. acted more quickly. Schott remarks that lower temperatures 
might possi])Iy have produced an eftect if allowed sufficient time. 

The temperature at which the efi'ect becomes noticeable is 
higher or lower according to the melting point of the glass in 
question. As there are glasses more fusible than flint 672, and 
others less fusible than borosilicate 59'", it is to be assumed that 
diminution of double refraction may begin below 350° or above 
440°. 

In the case of optical glasses, these ol^servations are of import- 
ance, as indicating the temperature in the neighbourhood of which 

^ Zeitschr. /, Imtnimentenk., 11, 330 (1891). 
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cooling must be most cautiously i-egulated for tlie c-ompIeU' 
removal of stress. The application of tlie i-esultK to tlieriiioiiieter 
glaasea will iie diseitseeil later. 

30. Testanff Lensea and Plates by Polarised Light. A 
positive lens can en.'^ily be testeil fur the presence and charactei' 
of stress iii the manner illnstrateil in fii'. .'i.* 



A in tlie source of light (a ikamlliu lamp), C the lens, and £ 
the eye, A and E l>eiug conjugate foci. B and D are two Xiool's 
prisms set parallel to start with. The distances being a(i,i«sted 
K«» that the lens appears filled with light, the Nicols are then 
ci-o8SBtl. If the lens is tree from stress the Held will now appear 
dark: but if not, there will still lie iUnmination. If the stress 
is of a syiiiiuetrical kind a black cross will be seen on the br^^ht 
field ; if irregularities are present, the cross will lje distorteil. 
"ftexaniine the crose in all positions, the Nicols shonld i>e rotated 

1 not the lens, as the warmth of the hand miglit canse loctil 

iurbanoe. 
[ In teftting plane discs for nbjeetives, a nlightly different 

kngetnent is employed, which is represented in tig. 6. Here 
[c|t a concave mirror. iin<l A and E are on opjtosile sides of iis 
Btre of cnniitmv. 




modifratc auiouDt of syniuietricat sti-ees means a slow 
e of index from axis Ui cin.iiinferent-e. Il bn« no injurions 
tmniikktiuti troni th« Glutvahniuha Ubonlonnin. 3wm, Dec., 1888. 
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ettect. Irregular stress, on the contrary, produces capricious 
variations of refracting power. 

(f lasses with irregular stresses are not suitable for objectives 
of any considerable size. If the defect is very slight it can be 
partially compensated by tentative deviations from the spherical 
fonn in polishuig. 

The line-annealing process renders it possible to obtain objective 
iliscs of diameters up to 35 cm. almost entirely free from stress. 
With the ordinary cooling process, discs of 12 chl diameter 
generally show tlie black cross indicative of stress. 

31. Elliptic Polarisation of Light reflected from Glass 
Blirrors. According to Fresnel's theory a plane polarised ray 
after i^eflection at the surface of a transparent body is again 
])lane polarised ; and as the angle of incidence (for a ray of 
constant azimuth) increases from 0° to 90°, the plane of polarisa- 
tion apprtmclies tlie plane of incidence, coincides with it at the 
polarising angle, and then passes l)eyond it. If we suppose the 
reflected ray to be resolved into two components P and <S, 
polarised pirallel and peri>endicular to the plane of incidence, 
ijp and Rn lH?ing the convsponding amplitudes, then, according to 
the theory, ii*^ continually diminishes as the angle of incidence 
increiuses, vanishes at the polarising angle, and afterwards Ijecomes 
negative. If tlie amplitudes 1^ i-egardeil as essentially positive, 
1\a attains a minimum value zero, and at the same time S under- 
goes a change of half a period in phase. No other phase- 
(litVerenee between P and S is rwognised by the theory. 

It has Uhmi known since the ol>ser^'ations of Airy and Jamin 
that Fresnels theory is not in exact agi-eement with facts. The 
et>mponent Ph reaehes at the polarising angle a minimum value 
ditleivnt fn»m zen>. and tlie tlitlerenee of phase introduced between 
/* and ^^ varies with the angle of incidence, increasing from to 
a A periotl as the angle ineivases fnnn 0° to 90^ For the 
ptilarising angle tlie ditVeivnee is a J i>eriixl. Thus the l^ht Ls 
Lieuerally elliptii-ally polarised, and the polarising angle is merely 
the angle at wliieli the axes of the ellipse are parallel and 
per}>eiuHi-iilav to the plane of incidence. 

Jamin. in discussing surface ivtUn-tioii, calls surfaces positive 
or nt^aiive acconling as /* is earlier or later in phase than S. 
In this senst^ glassi\s aiv giMierally positive. 
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Cauchy has Hihancpil a tlieorj- reganliiig Uiia elliptic polarisii- 
tion which starts from the assumption that nt reUection (ami 
refi'action) loiigituiliual vibrntioiiB are also aet iiii, wliich, howe>'er, 
are tjuickly extiugiiished. In his formula connecting the iliffcreuce 
of phase between P and 5 with the angle of incidenee, the only 
conatante which enter are the index ami the so-called coetticient 
of ellipticity of the reflecting substance. Thus the whole phenu- 
menou is made to depend upon the optical naturcs of the two 
mtHlia at whose Iwundar}' reflection occurs. 

It has since been shuwn by various authorities that the 
phenomena in ([uestion mi<;ht be explained «a effects of a very 
thin layer clinging Ut the reflecting surface. In the caee of glass 
inirrora especially, the iiresence of a film due to the polishing 
has 1>een suggested. As a matter of fact it is found that the pheno- 
mena vary with the mode of preparation of the surface. Some 
difitcullies iu Cauchy's theory are avoideil by this supposition.' 

K- E. ¥. Schmidt, without committing luuiself to any thcorj-, 
lias described experiments by which he att«nipteii to actually 
determine whether the surface layer originates the elliptic 
polarisation, or merely modifies it.* His reflecting surfaces were 
tlie faces of ^0' prisms made of calcapar. light silicate flint 
O. 154 (29), dense silicate flint O. 604, silicate ci-own O. 20 <l 1 ), 
and dense tkarium silicate crown 0. 1267. 

The imnge of an electric arc was thrown, by means of the con- 
denser and two projection lenses, on a slit at tlie focus of n 
collimating lens of 2n cm. focus. The rays emerging from the 
Imib nfi » [Hirnllel beam traversed the polariser, and then fell on 
the reflecting arirface. After retieotion they passed through a 
quartz plate 04887 mm. thick, set at right angles to their path, 
plate was cut pamllel t^i the optic axis, and was set with this 
at right angles to the plane of reflection. The light next 
pasKCd through the analyser, then through a direct vision train of 
prisms, and finally through a lenn of 40 cm. focus by which it 
was thrown on a phutographic plate. 

In this arrangement the S coiuponent of the reflecled hght 
forms the ordinary unit the P component the extraordinary ray in 

' Comjar* thd puagmpb " MudilioatioD of Refloction Phenomena b; 8nrfM« 
rOaxm ■' hf V. Dnide to Winkdnuutni Haadb. d. Pky., IL I, 761. 

■ Uaber dU dlipt. Potw. im rellekliereutlen Liobt«. Annat. d. Phyt. h. Chan., 
L T«a I fil, 417 ! 11. T«l : 52, 75 (IBM). 
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the quartz plate. Hence in passive throi^h the plate S gains on 

X 

vibrations, n^ and n^ being the indices of the two components, 
d the thickness of the plate, and X the wave-length in air. If 
now, by the act of reflection, a gain e of P over S is introduced, 
we shall have for the whole gain of 8 over P 

(Hy— 71,) . d 

\ 

wave-lengths. Putting this equal to — we get 

^^(^-^>}.d 

Light of tlie wave-length obtained from this equation by assigning 
any integi*al value to m will again be linearly polarised after 
ivtleotion. If its plane of ix)larisation be perpendicular to that 
of the analyser it will be extinguished by the latter, and a 
<lark l)and will appear in the spectrum at wave-length X. 
Schmidt denot4?8 this band by its order m printed in Boman 
numomls. If the reflecting sul^stance be removed, the bands of 
ovon onlor will Ih> seen when the nicols are crossed, those of odd 
i»nler when they aiv jwrallel. The reflection causes a rotation of 
tht^ jilauo of iJolarisation, and hence if the analyser be fixed 
pennuneutly at 47)'^ to the plane of incidence, the interference 
Imuds will apjHNU* for a certain azimuth of the polariser depending 
o\\ the anjile of ineidenee. 

If we take as ivfeivnw iH»int, for an interference band of given 
onler m. the iHk»*ition it ixrupies in the spectrum when €=0, we 
Ntv fixuu tMiuation (1) that a jx^ilive e shifts the band towards 
the violet, ami a negative f to\>*anls the red. The greater the 
aKs\»lnte value of t the ditVeivmv of pha^, the greater the dis- 
plaivment* Kor mt^»suriu^ the displacements of the bands on the 
phot*^rapl\. S'hmidt ustnl the cyam^ni lines to set by; his 
u\t\isviu\s u^fer {o the Uuuls of \u\lers \vii.» xix., and xxL 

MauN \litVetvut waNs of jn^lishing the ghis^ reflector were tried, 
auvl the o\n\stH|ueut ihaujitv* iu the ^xxidtion of the interference 
Iv^uvls uv\^\UhI |»lu»t^yniphiealh\ With the flint glasses O. 154 
<uul O, (UM, the e\|H»rimeiuer suvh\h\Uh1 on several oooasipns in 
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bnngiug the same bands repeatecily to the same places in the 
spectrum, by Btrippiii^ tiff gelatine from tho Biirface. (A layer 
')f litjuiil gelatine is poured on the glass surface, allowed to 
liry, and then pulled off. The process is due to Wernicke.') 
iSchiuidt infers that c, the gain in phase of P over S con-ospondiug 
1(1 this permanent position of the interference bands, does -net 
originate in a foreign surface film, and sujtports this conclusion by 
further arguments and piactical tests. The fact that the gelatine 
sese had not always the desired effect may lie explained by 

imical action, to which the crown glasses, for example, would 
be specially liable. The conclusion is thus arrived at that the 
elliptic polarisation of light retlecteLi fi-nm a polished glass surface 
is due to an inherent property of the glass, though modified by 
the inlr<Hluctiim of foreign matter in polishing, 
I Variation of the Difference in Phase between P and iS 
[witb Angle of Incidence. Aft«r these preliminary experiments, 
Schmidt meaaiireil for I I glasses the gain in phase of P over S 
in the reflected light for various angles of incidence. He used 
the method described above, the reflecting surfaces Iwing first 
repolishod and cleaned by stripping off gelatine. With a view to 
determining the phase difference e from the corresponding position 
of the interference bands in each case, the displacement of the 
liands was calibrated by means of a Soleil's compensator. 

The follovring data are given for the glasses examined, n, 
denoting the index for the F line, A the mean <ltspersion from C 

J', and 0p the polarising angle for light from the F line : 





"r 


1U>A 


*r 


h. 0. 20. SiLc»U Crown, . . - - 
0. 871. Silio»te Crown, - - . . 


1-5078 
ia2M 


824 
904 


66"-3 

SO -6 


O. 14*3. Soft SiUcU Crown, 


IK78 


1012 


56-8 


D. O. IM. Light Silicate Crowo, - 
0. 1020. Ordinary Light Rint, - 
0. 624. Ordinmry Silicate Flint. • 


|-.^804 
1-8227 
l-6»30 


1.127 
1647 
1710 


57 -J) 
58 36 
58-5 


0. BOt. DanM Siliote Flint. - 

0. 1288. Denn Buiam SilicU Crown, 


1-6860 

1-57«1 


2104 
996 


59 10 
37-7 


O. 1267. Deiwct Bw.um SUicle Crown. - 


1-8202 


1092 


.W-3 


»L O. as:. HuyU, Light Flint, - - 
S. 169. Ph<«ph>t« Crown. ■ 


1-5798 
1-5261 


1133 


57-7 
58-8 



*AymaL i, Fhft. «. Chfm.. 30. 401 (1BS7). 
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The measures were for the bands xix. and xxi. Since xix. is 
near F, and xxi. near G, the diflFerences of phase are for green 
and blue light. The precise wave-lengths, which vary from one 
observation to the next, are given by equation (1). 

The values obtained for the four silicate flints at band xxL, 
that is, for blue light, are shown in the following table : 





0. 154 


0. 1020 


0.524 


0. 604 


20" 







3 


5 


30 





5 


6 


10 


35 





9 


— 


15 


40 


8 




15 


20 


45 


12 


20 


17 


— 


47 


19 




— 


— 


50 


31 


45 


23 




50-3 






— 


58 


53 


— 


— 


56 


— 


53-3 




— 




98 


63-7 


— 


71 


— 


— 


55 


106 




— 


— 


55-7 




124 


— 


— 


56 1 


— 


— 


165 




56-7 


— 


188 




— 


60 


72 


121 




155 


61 


63 


112 


58 


130 


62 j 


— 


— 


43 




63 




60 




99 


64 




— 


36 


— 


65 


32 


45 




72 


68 


23 


— 


20 


49 


70 ' 


19 


27 


17 


37 


72 


— 


— 


— 


30 


73 




— 


— 


24 


75 


1 
1 


— 




23 


80 


6 




— 


— 



The angle of incidence is given in the first column; the remain- 
um eohinms cjive the de^'iations of the glasses from Fresners 
tlie<:»r}*. aeconling to whicli e is zei-o for angles of incidence less 
tliiin the polarising angle, and half a wave-length for angles of 
incidence greater than the polarising angle. The quantity given 
in the table is lOOOe, or 1000(i — e), a^ccording * 
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incidence is lees, or greater, than the polarising angle. Taking, 
for example, 0.154, iit incidence 50° the gain of P upon S is 
0031\,and at 60° ia 05 -0072 = 0-428\. 

Schmidt gives the nauie ra/ion of elHpticUy to tlie region 
(extending on both sides of the polarising angle), within whioh 
the de\Tation8 from Fresnel's law are large enough to be ineaaur- 
iible; and he finds that the greater the extent of this region the 
larger are the deviations which it comprises. Tlie extent of the 
region, and the average magnitude of the deviations within it, 
jointly determine the elliptieity of tlie glass in question. Thus, 
of the four flint glasses, the Light Hint 0.154 has the least 
elliptieity for blue light, and the heavy Hint 0, 604 the greatest. 
The results for green light are nearly the same. The elliptieity 
of the three silicate crowns is much less than that of the flints, 
deviations being only observed close to the polarising angle, and 
then amounting only to a few thousandths of a wave-length- 
Aocording to olwervations not ijuoted here, 0. 20 is positive, in 
.Tamin's sense, for blue and green light lielow the polarisit^ angle, 
but negative al>ove it; 0.671 is almost neutral for blue light, 
and negative for green ; 0, 1243 is negative for gi-een light below 
the polarisiog angle, positive above. The tliree baryta glusses 
examined are positive; the baryta light flint 0.527 shows less 
elliptieity than tlie light silicate flint 0. 154 and also than the 
baryta crowTi 0.1267, while crown 0.1288 again shows very 
little elliptieity. Phosphate crown S. 169 also is only slightly 
"tptic 



CHAPTER III. 

PERFECTING OF OPTICAL SYSTEMS BY THE NEW 

GLASSES. THE MICROSCOPE. 

S2. Numerioal Aperture and Limits of Performance of the 

Miorosoope. Let u be the semivertical angle of the cone of rays 
which the objective is able to admit from a point of the object, 
Hiul n the index of refraction of the intei'vening medium. Then 
if wo put 

a = n8inu, (1) 

fi i8 iMilKnl by Abl>e the numeriml aperture of the objective. The 
vortical angle 2 it of the cone of rays is sometimes called the 
ontfuhr aptrtiiir, or simply the aperture; but the numerical 
a/»<T/Mr»* (^abbivviaUHl inU> N.A.) is much more important in the 
thiHMT of tho nucix^*oi>o. In onier that it may be possible to 
ix^pix\»kMit ilistinctly in the niien^seopic image the structure of the 
objivt» I ho tinont*«8 of tho structure must not exceed a certain 
lin\it^ This Hu\it. which was |Hnnteil out almost simultaneously 
by AMv* and von llolmholtz," doiH?nds only on the numerical 
ajHMUuv of (ho objivlivo and the wave-length of the light 
ou^i^IovihI For a ix^ular structure* such as a fine grating, the 
bunt can tvu^ily Ih> stal^nl If tho oonmion distance of the 
Univ« fu^ui ivnttx^ to ooutn^ is 

*'=a. -^2) 

^ .l»v^ir/W»' miiMviKyv. •4*MA'«»*f, 9 U^^)* 

* Anm^. xL TV ^ i'^M. ^«Nm*I«mI. »7 (1S74). 
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X being the wave-length iii air, it is just poBsihle to make the 
Btnictiire visible in the microscope by oblique iUuinination. If 
the distance be less than this the gi^atiiig will not lie resolved. 

f>iiiC6 the angidar aperture '2u is necessarily less than 180°, 
«, the nmiierical aperture, is less than the index of the intervening 
medium, and thus, in a dry system, is less than 1. The greateot 
aperture hitherto attaliietl in an iinmersion system is I-BO, If 
for X we Bulffltitute 0'55^, which is the wave-length of the 
brightest rays, we find that the limiting fineneea of resolvable 
structure for a dry system is given by rf = 0"27i>M. and that 
rf=0'172M is the utmost limit of microscopic resolvability. 



33. TTBefUl HafiTiiflcatioD. When the microscope is adjusted 
for the " neaieat dietauce of distinct vision " I, the distance d 
between lines which are Iwirely resolved is seen uniler the Angle 



denoting the niagnilication. If we sulistitute for d from 
_ «(4uatioQ (2), and solve for w, we find 

for microscopic observation e must be at least 2', and e = 4' is 
nple for comfortable vision. Inserting ttiese values in turn, 
putting / = 25 cm.. X = 0-5.^/i, the following values are 
ained for m : 

n(j= 529(r, 
)n,= 1058m. 

Majiciufications much less than m, do not utilize the full 

labilities of the aperture : those exceeding m, are futile as 

; no furtlier detail. Thus the useful powers are those 
sen *ti ttnd Tn,. 



34. Magnification by Objective and Amplification by Eye- 
piece. I>>t /, 1-0 Ilic iipjicr fvcal Icmjth .if tlif ubjective [the 
distance from the up[>er principal [Hiint to the upper principal 
i»], /j tlie iipi»er fucal length of the eyepiece, / the visual 
E [least distance of distinct vision], and t the optical tvhe- 
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length, that is, the distance from the upper principal focus of the 
objective to the lower principal focus of the eyepiece. Then 
the magnification m of the microscope can be shown to be 
expressible as 

I t 

771 =: — . — . 

The first factor - is the magnification which the objective would 

A 
give if used as a simple magnifier, and is called the ma^ijicaiian 

by the objective. The second factor - is called the amplificaiion by 

the eyepiece. The so-called finder eyepiece has amplification unity. 

35. Aberration-Oonstant of Objectiye. The image formed 
by the objective is limited in fineness of detail by the numerical 
aperture, as above stated. It also has defects due partly to 
imperfections of workmanship in the shaping and mounting of the 
lenses, and partly to chromatic and spherical aberration, which 
increase with the aperture. As a result of these imperfections^ 
the image of a point, instead of being a point, is a round spot 
called a circle of dbei^ation. If k be the angular diameter of this 
circle for a point on the axis as it would be seen from the 
distance /, and ^ the angular diameter to which it is amplified 
by the eyepiece, we have 

k is called the aberration-constant of the objective. 

36. The Critical Amplification. The smallness of the 
al^erration-coustant measures the goodness of performance of the 
objective ; but in practice it is more convenient to use another 
quantity, which is inversely proportional to the aberration- 
constant and can l)e more easily observed, namely, the critical 
amplification, that is to say, the highest amplification that the 
image formed by the objective can bear without perceptible loss 
of sharpness. As amplification is increased, the angular 
diameter ^ of the circles of aberration is increased; and when 
this diameter has become larger than the smallest magnitude 
distinguishable by the eye, sharpness begins to diminish. 
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37. Older Achromatic Objectives. According to Abbe's 
oteervAtione,' in even the liest olijectives i.if the old Idnda the 
critical amplification for lai^ apertnrea is only from 4 to 6. 
The optical qualities of the nilicate gliisses eiuployetl tuaile it 
inipOHsJble to exeeeii this limits On the ime haml, the Jiffei-euoe 
in the rune i»f dispersion of crowii and Hint gives a secondary 
s)>ectnim after oehromatiHiug ; and on the other, the dependence 
of ilispersion on index niakefl it iniiwsBible to con-ect spherical 
alierration for more than one colour. Thus, for rays of shorUir 
wave-length tlie syateni is generally spherically over-correcteil 
<the fociiB for the cetitml raya being shorter than for the Iwrder 
mys), and for mj-s of longer wave-length, under-corrected. 

Hence it follows that, if the foci of the C and F rays are 
united for the central /one, the focal length will lie greater for 
F than for C in all the other zones ; thus the marginal zones 
will Iw ohroinatically over-corrected by aiuoiints increasiu{j 
towards the rim. 

rracticully sjilierical a1>erratioii is always corrected for the 
it intense rays. In the secondary sjiectnini of the central 
zone these have approximately the shortest focus ; and tlie 
remaining ray^ are united in pairs, each inure refrangible my 
with one less n'fnuigible-. lu these oircumstances the change in 
tlie secondare ai>ecti-um in the outer zones is easily ol»8erval>Ie, 
the more tvfningible colours lieing displaced in the positive, the 
leHH refrangible in the negative direction. Thus the uncom- 
itod portion at the blue end of the B(>ectrnin grows longer 

we proceeil from centre to rim. This defect may l>e lesseneii 
ohruraatically under-correcting the central zone, so as to 
luce Hiiiiiii of C iind /' for one of the intermediate xones. 



^tOWB 

PnoBi 



38. Apoohromatic Objectives. It has l)een shown uliove 

(Art IS) Uiat with the new glasses it is possible to acliromatise 

I that only a Urtian/ 8i>ectrum is left. This result is essentially 

dependent oti the fact that the I'elation which exists in the silicate 

1 l«etween total dispersion and nui of dispersion is got rid 

t by the iiitrufluctiiin of borates and phosphates. 

Further, the toUl disjiersion is rendei-ed largely indeiteiident of 

9 index. Hence it is possible to correct axial spherical aberra- 

ail I>owsr, ttc," Joum. a/ ikt R. Mkr. Sue., 
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tion for two colours. This result is most perfectly attained by 
combining the new glasses with fluorspar. 

The name apochromatic has been given, at Abbe's suggestion, 
to objectives in which the secondary spectrum is abolished, and 
the spherical aberration corrected for two colours. Their superi- 
ority to the old achromatic objectives may be gathered from the 
fact that, even for the largest apertures, their critical magnification 
amounts to at least 12 — 15. For medium and small apertures 
it is considerably greater. 

Relieving the Objective. This improvement in quality 
lessens the necessity for high power in the objective; for a 
given total magnification can be obtained with a lower magni- 
fication by the objective when higher amplification is available. 
Thus the very short focal lengths hitherto regarded as essential 
are now superfluous, since even large apertures can be fully 
exhausted with objectives of moderate focal length. 

With an ordinary achromatic, the smallness of the critical 
amplification prevents the full utilisation of large apertures. 
An apochromatic shows as much detail as an achromatic of 
larger aperture and shorter focal length. 

Increased Range of Magnification. The range of serviceability 
of an objective extends from its own intrinsic magnification to 
the multiple of this determined by the critical amplification. A 
single apochromatic can therefore be used for both lower and 
higher powers than a single achromatic of the ordinary kind. 

Correction of the Chromatic Difference of MagnificatLoxL In 
apochromatic objectives, as in others, the magnification is unequal 
for different colours ; the blue and violet images being larger 
than the red and yellow. This difference of size could only be 
corrected by introducing other more serious defects. But apo- 
chromatics have a great advantage in this respect. For while 
in achromatics the difference varies from centre to circumference, 
in apochromatics it can l»e made approximately equal for all 
zones of the aperture, and can therefore be corrected by a suitable 
eyepiece. 

For this pui-pose, it is only necessary to assign to the eyepiece 
an equal difference but of opposite sign. As it is convenient to 
be able to use the same ocular with various objectives, objectives 
should all be made with the same chromatic diflference, even 
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inclading those of flmall apertures, in which the difference eoiikl 
easily be made non-existent. 

Order of Ray-UnioiL In dioptric langu^e the raj union 
effecte<l hy a simple lens is said to be only of the 1" order, since 
two niys proceeding from a point on the axis will not exactly 
meet again on the axis, if they have different refrangibilities or 
different inclinations to the axis. In apochromatic objectives 
the uchromatism attained raises the ray union to the 3"" order. 
It is further raised by the spherical correction employed with 
larger apertures, to the 10*'' order, and finally, by equalisation of 
chromatic differences of magnification for different zones, to the 
1 1"* order. The diameter of the clear aperture of the objective 
is thus raised to 2-8 times the focal length. 

Bearing on Microphotography. Tlie most intense visual image 
of an "hjeet is prmUicetl by rays fnim near the red end of the 
spectrum, and tlie most intense photographic image by rays from 
near the violet end. An imperfect achromatism which leaves a 
uiiticeahle difference of focal length between these two classes of 
rays makes the two imt^es fall in different planes. Hence the 
fficusaing of the photographic image is uncertain, and cannot be 
verifietl hy eye observation. Again, if the spherical correction 
only extends to the brightest part of the spectnim, the photo- 
graphic image will be lacking in sharpness as compared with the 
viHual one, Apochroniatic objectives have in ttiese respects an 
immense advantage for niicrophotography. By their aid alone 
can we Reciti'o that the photographic and visual pictures shall be 
ill the same plane, and both eijually sharp. 

With the iRtroductiiin of apoL'tuomatics, the theoretical ad- 
vantage of microphotograjihy over eye observation was first 
realised in piuetice. As the wave-length of the rays which are 
most active chemically is only f of the wave-length of those 
which most affect the eye, the resolving power of an objective 
when used photographically should (by equation (2), Art. 32), be 
I of its resolving power for direct ^ion. The advant^e of 
niicrophotogi-aphy over direct vision should therefore be equiva- 
lent to multiplying the aperture of the objective by J, 

Tlie e*iseutijd points to be kept in view in perfecting the 
uiioroHcope were explicitly laid down by Abbe as far back as the 
ycur 1878; and he concluded with tjie following statement of 
aims that might be realised. 
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"Theory may, by going deeper into the dioptric problem, 
devise in course of time new methods, more effectual than those 
now employed for getting rid of chromatic and spherical aberra- 
tion ; (^tical workmanship may, by the introduction of improved 
methods and appliances, render possible a closer approximation 
to the mathematically exact forms theoretically required; and 
the allied industry of glass-making may possibly in the future 
produce, in place of the glasses now employed, new materials 
which will furnish, by their optical properties, more favourable 
conditions for the production of perfect systems of lenses than 
our present crown and flint." * 

Eight years later, in July, 1886, Abbe was able to announce 
that these aims had been completely realised.* A set of 
apochromatic objectives and compensating eyepieces had been 
completed, in accordance with his calculations, in the optical 
factory of C. Zeiss, from new glasses made at the Jena Worka 

39. Use of Flaorspar for Apochromatic Objectives. On 

this subject — briefly mentioned above — Abbe has published 
detailed information of great interest.^ The chief results are 
embodied in the following table, which includes three glasses for 
comparison. The symbols have the same meaning as in preceding 
tables. (See Art. 17.) 





10«d, 




nn 


lO^A 


V 

95-4 


10»7 


Fluorspar, .... 


1-4338 


455 


255 
561 


Lime Silicate Cr. 0. 60, 

• 


1-5179 


860 


60-2 


487 
566 


Light Phosphate Cr. 0. 225, - 


1 5159 


737 


700 


407 
552 


Borate Flint 0. 252, 


1 -5521 


1026 


538 


582 
567 



i<<Die optischen Hilfsmittel der Mikroskopie." Bericht iiher die Wigaenaeh, 
Apparate avf der Londoner Intemat. Ausatellung in 1876, I. 420 (Brunswick, 

1878). 

2**Ueber Verbesserungen d. Mikroskops." Sitzungniber, d, med.'tuUfir. Otv. 
Jena, 1886. 

^ZeiUchr,/. Instrumentenk, 10, 1 (1890). 
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It will Ije seen that the index of tiuorite is very small coiii- 
^lared to thtit ijf the glasses. Now tliu cimditionB for the correc- 
tion of Bpherical aberration in a compound objective require that 
tvii} iiie<Ha which have a common surface of contact ehiiiild have 
a considerable diflereuce of index. Suppose that an iiirdinary 
urown of index 1'52 is to form one component of a comenU>d 
doublet, and that the dlHerence of index required for I'eniovol of 
spherical aberration is 0'20 ; then for the other component a 
Bint of index 1'72 must be used, ■i.e. a glass of excessive densi^ 
luid dispersion. But if tiuorite is substitntetl for the crawn glass, 
then a Hint of index lti;( will suttice, and this is in many ways 
a threat advantn^. The advantage is especially threat for the 
couBtruction of microscope objectivefi of large aperture. 

Further, the diapereive properties of tluorspur are mmarkahly 
favouraltle for achromatism.' Its v is 95*4, whereaa the highest 
V for any j^lass is TOO for light phosphate crown. Its y is, 
nevertheless, considcrahly greater thnn that of the phosphate. 
Hence the secoudary epectnini can be got rid of by the aid of 
Hnonte, and, for combination with a given Hint glass, leas 
curvature in the surfaces will be I'^uired nith Huorite than 
with crown. 

So far as aoliromatisni alone is concerned, spherical aberration 
l>eing left out of account, a combination of tiuorite with ci'own 0. 60 
would give an almost perfect colour-union, in consequence of the 
very large difference in v and the ver>' slight difference in y. 

Those considerations naturally suggested the attempt to obtain 
soiue of the«o benefits by employing fluorspar as an ingretliejit 
in glass. Indeed, Sohott had already,^ at an early stage of his 
rtwearcliee, succeeded in producing glasses containing lluor, which 
showed small index and greatly diminislied dis)»rsion. But this 
was only on a vcrj- small scale; and the experiments showei! 
that the dinioultie« in the way of obtaining homogeneous meltings 
were exceedingly great 

Abbe therefore introduced lenses of Huorspar itself into micro- 
sc<ipe objectives. In 18S4. at Zeisn' works, various objectives 
contwiiing oDf, two, or three Huorspar lenses instt^ad of crown 
were made from hia calculations. ASHien apochromatic lenses 
were introduced, the mineral was brought into regular use at Jena 
in conjunction with the new glasses, and the exmnple was soon 

'SeoArt IS. * 8m Art. 6. 
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followed by other opticians. The result is a lesseniif^ PK)W£j(J| 
1)0 th in calculation and practice ; for without fluor it i^ ^»iil 
been necessary to make the lens systems even more coi 
and difficult to construct than they are at present. 

Abbe has published interesting information respectinj^^ Ik 
difficulty of obtaining a suitable supply of the mineral — a sal 
to which it is desirable to direct attention.^ The only place (<m 
the Schwarzhomstock in the Bernese Oberland,) which in the past 
has furnished large clear pieces, is quite worked out. At present 
it is necessarj' to be content with comparatively small pieces, and 
even these can only be obtained by laborious selection. 




40. Zeiss' Sets of Apochromatic Objectives and Oompensat- 
ing Eyepieces^ have the properties described in Art. 38. The 
following is a list of the objectives : 





Numerical 
Aperture 


Focal 
Length 

• 


Magnification 




0-30 


24-0 mm. 
160 


10-6 
15-6 


Dry 
System, 


0-60 
0-95 


120 
8-0 


21 
31 




6-0 
40 


42 
63 


Water Immersion, 


1-25 


2-5 

3-0 
20 


100 


Homogeneous 


1-30 


S3 
125 


Immersion, 


1-40 


3-0 
20 


83 
125 



They are constructed to suit either the short (Continental) tube 
of 180 mm. or the long (English) of 270 mm. opticcd length, 
except those of focal lengths 24, 12, and 6 mm., which are not 
suital>le for the short tube. The 2 mm. objectives for homo- 
geneous immersion are supplied " in compliance with desires for 
the highest possible magnifying power of objective," although the 

i/Wd.,5-6. 

^ New Microscope Objectives and Eyepieces by Zeiss , made of sptciai gkuae* frtm 
the Jena Laboratory, Jena, 1887. 



WtfireH are ftilly utilised Ity the 3 mm. objectives. Every 
■ail of the eonstniction is carried out in strict accorclance with 
1 calculation, all empirical nioditications Ijeing excluded, 
magnifications specifieil in the last cohimn are for unit 
^lifioatiou. 
?he following is a list of the CompeDsating Eyepieces, 
wing their focal lengtlis, and the amjiliticiitions which ttiey 
9 when used with the indicated tub^ len-^thi): 



AraplifioHtioD, 

Focuiin mm., 

Do.. 



Tnbe For Gndiog 






For VDrldng 



These eyepieces embody an eesentially new optical ooiifltruc- 
tion. The high amplificatious here specitied could not l>e nlitained 
with Uie Hiiygenian nv oilier older coHBtructions, without making 
the eye lens too small, and the eye point tfto close to it. 

Trials on Teat Objects were untlertaken by DippeP and 
Schulxe.* Dipitel, using a short tul>e, oliserved the following : 
Witli the IG mm. objective: — Sections of Echinometra, sections 
»>f wooil stained in two colours, the starch grains of potato-lerriea, 
laniinate<l and spirally streAked cell walls, splitting up of nuclei, 
and transversely striated muscular fibre. Witli the 4 mm. 
objective : — Xitzsctua sigma, Graiumatopliom oceanica, Surirella 
Gemma, I'leurosigma angulatiim, NJtzschia \'erniicidaris (the 
transverse striation Iieing distinctly \*isible with oblique ilhuiina- 
tion). layers of thickening in cell walls of plants, tubercle bacilH. 
With water immersion : — Nitzschia Sigmoidea, Amphipleura 
pellucida (the finest transverse striation Wing plainly visilile 
with oliliijue illumination). With homogeneous immersion: — 
Xavicula rhomlwides, the markings on the scales of .Surirelln 
Outnma, the slrin^^ of ]>earlB on the scales of Aniphipleui-a 
[lellocida (with oblique illumination). In everj' instance the 
scMtal rcsulnng power retic)ied the Llieoretical standartl, and the 
sharpness of the images and their purity of tint were remarkable. 
The stioag«et dry system gave us got^xl results as can be obtained 

' ZtiUekr. /, teifaueh. Mitr. u. 
■ FkU. Sec. <^ala*gou-. IT, Koi 
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by water immersion with the old achromatics; and water 
immersion gave as good as the old homogeneous inmiersion. 

Sehulze, who tested the objectives of 16, 4, 2*5, and 2 miD. 
focus, gave the following verdict: "They surpass by far any 
objective I have previously examined. Their definition is 
exquisite, their resolving power is very great, and the pictures 
yielded by them are most brilliant and free from colour; they 
possess, further, a very notable increase of illuminating power 
and give great flatness of field." 

41. Monobromonaphthalin Immersion. Equation (1) of 
Art. 32 shows that, in an immersion system, the index of the 
intervening medium must be greater than the required numerical 
aperture. The same rule applies to the indices of the front lens 
and of the cover-glass. N.A. 1*40 is attained with a fluid of 
index 1*52 (cedar oil). Monobromonaphthalin, with index 1'66, 
therefore suggested itself as a suitable medium for an attempt at 
a higher result ; and by its aid the limit of N.A. W€U8 increased 
to 1*60.^ For cover-glass and front lens, a flint glass of index 
1*72, a special melting, was employed. Abbe's calculations 
showed that, in the new objective, spherical and chromatic 
aberration could be corrected almost as completely as in the 
apochromatics. The focal length given it was 2*5 mm., which 
makes the intrinsic magnification 100. Special cover-glasses 
must l)e ground and polished to correspond. 

If it be intended to observe \vith very oblique illumination, or 
with an illuminating beam of very wide angle, the front lens of 
the condenser, and the object holder, must also be of strongly 
refracthig flint glass, and the space l)etween them must be filled 
with monol )ronionaphthalin. 

The necessary test objects were prepared by van Heurck (of 
Antwerp), who obtained the first specimen of the new objective 
and employed it for the study of diatoms.' 

No inmiersion fluid suitable for further increase of aperture is 
at present known. 

42. Projection Eyepieces. Al)l)e has introduced a new 
construction, by which the advantages of apochromatic objectives 

^ S. Czap&ki, Zeitschr. /. wiwfensch, Mikr, u, f. mikr, Technik., 6, p. 417 (1889). 
2 La nouvelU combinaivm optique de M, M, Zeiss a la structure de la veUve des 
diatomies. Dr. H. van Hearck,.Anver8, 1890. 
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are rcQiIei'ed availaMe fur puriHwea of prdjectiim.' llie olijective 
fonuH its itiia)j;e iii the saine way, and at the same |>oint of the 
luU*. as for eye olj8en.'alion. and a special coiubitiation of lenaes 
throwK a projection of this iuit^re on the phot<^raphio plate or on 
a ecreen. Ab this couiliiiiatiou haa the appearance of an eyepiece 
ajid is insert^l in tlie tiiW' in the same way, it is called a 
projection eyepiece. It is exactly con-ected for spherical and 
cliroiiiatic alierration, and is arranged to compensate like an 
urdiuary eyepiece for the cliroutatic difierence of magnification. 

The linear m^iitication of the projected image is easily 
calcnlated. Wheu the projectiun eyepiece is used with tiie 
luicroscopH, the upper focus of the whole system is shifted into 
coincide net! witli the end plane of the eyepiece. By the general 
law of lens systems, the magnification is equal to the distance 
F'Q of the image from this plane divided by the focal length /* 
of tlie system. Let i^ denote tlie focal length of the ohjeotive ; 
tlien the magnification m. may be expressed as 

9 / 
F'Q is to be directly measured, ip is assumed to l)e known, and 
the valne of ^ (called the amplification in the case of projection 

eyepieces.) is got from the numt>er of the projection eyepiece. 

Zeim projection eyepieces Nos. 2 and 4 are intended for the 
short tube, Nos. 3 and 6 for the long tube. The two lower 
iwwers are meant for giving objective demonstrations of micro- 
scopic objects, and for photographing on a email scale or with the 
plate at a considerable distance: the two higher powers are for 
pliol<^X'*phing with a short camera.' 

43. Projection Objectives of 75, 70. and ;15 mm. fixius. to lie 
iLsed directly, without the aid of a projection eyepiece, have been 
ciiii.'*tnKrt*>ii by Zeiss for depicting large olijecta. They have very 
low mollification and as large a field of view as possible.^ 

' For an recount ut the older methcHk uid tfaeir itiiiwbsck* aee Zeua' SpttitJ 
Cattdaifiu <^ Ajiparalun far MkropluAograpky, Jena, I8-S8, p. 33, 

' Dtncliotu lot luiag the projection eyepieces, together with BpectmeDa of their 
pMfamiBiioo. are given id the Special Caulugnc. 

•/t.U.p.27. 
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44. Semi-apochromatics. We apply this name to the objec- 
tives constructed by various makers from Jena glasses without 
the use of fluorite. They far surpass ordinary achromatiGS 
without attaining the full excellence of apochromatics. 

The following series of semi-apochromatics are made by 
Beichert of Vienna ^ from phosphate and silicate glasses : 



Homogeneous 
Immersion 



Aperture Fociia 

'8 mm. 
3 
8 
3 

1-40— 1-43 1-8 



1-20— 1-25] J; 

L-30-l-35|J;! 



One of these objectives, with aperture 1'24 and focus 1*8 mm., 
was tested by Nelson * who reports, " This lens is the finest oil-, 
immersion I have ever seen excepting only the apochromatics." 

The "pantachromatic" objectives by Leitz of Wetzlar,' with 
which Huygeiiian eyepieces can be used, are graded as follows : 

Aperture Foeus 

r012 34 mm. 



Dry System 

0-87 3-5 

Homogeneous Immersion, 1*30 2*5 



0-32 15 

0-75 7 



The semi-apochromatic made by Korista* of Milan is an 
oil-inmiersion objective of KA. 1*30 and focus 1*7 mm. 

Under the designation, " Apochromatic Objectives without 

Fluorspar," Meyer & Co.* of Zurich have introduced the following 

set: 

N.A. Focus. 



fO* 

Diy System j^. 



0-31 15 mm. 

87 3-4 



Homogeneous Inmiereion 1*30 2*3 



1 Price lUt, xvii. (1890). 

^Jourtk, qfthe H, Aficro^op. Soc., London, Feb. 1900. 
> Price list, No. 34 (1891). * Catalogue, 1892. 
I" Price List, 1893-94. 



CHAPTER IV. 



CONTINUATION OF THE SAME SUBJECT. 
GKAPHIC OBJECTIVES. 



4S. The ill irod action of new kimla of glass into photographic 
objectives has rendered improvement possible in several directions. 

lu the first place, the iise of glasses very free from colour has 
iucreastxl the lumiuoua power of the objective, an advantage 
•whicli speaks for itself. 

Secondly, siinilai-ity of iiiii of dispersion in the two components 
of a doublet lias brought about shortening of the secondary 
speetnini, or even the attainment of a tertiary. 

It should here be remarked that the correction of chromatic 
aberration on the axis of a photographic objective ought to lie 
planned with a view to the coincidence of a sharp photographic 
with a sharp visual im^^e — a purpose which requires the shorten- 
ing of the secondary spectrum. On the other hand, the sharp 
focussing of rc^d rays wliich ia peculiar to the tertiary spectrum,' 
tlioiigh important for visual purfmses, is of no value for photo- 
graphy, and iloes not aftect the sharpness of the photographic 
' imagv, so long as the cliemical action is practically confined to 
rays of short wave-length. This consideration snflices to show 
that tlie apochromatic correction has not the importance for 
tJiutogmphic objectives which it liaa for microscopic, 

A third improvement, more important than either of the fore- 
going, is that it has Iiei^n found [xtssible, liy means of the new 
•liMia glasses, to obtain photographic images free from astigniAtism 
'See Art Ifl. 
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and at the same time free from cui-vature. This matter requires 
a somewhat elaborate explanation. 

46. Astigmatism and Cnrvature of Image. Let iis take as 
object a plane in front of the objective cutting the optic axis at 
right angles in a point A, Let B be the image-point correspond- 
ing to A, Then the plane at right angles to the axis through B 
is the ideal image-plane. But in general the objective forms, 
instead of a plane image, two curved image-surfaces, which touch 
the ideal image-plane at their common vertex B. In each of 
these two surfaces, all points of the object-plane are represented 
by short lines, tlie directions of these lines being different in the 
two surfaces. In one surface the lines point to the axis, said may 
be called radial ; in the other they have the perpendicular direc- 
tion, and may be called tangential. The surface with the 
tangential lines is called the primary image surface ; that with 
the radial lines, the secondary. The primary surface contaiiis 
sharp images of tangential lines only, the secondaiy of radial 
lines only. 

Images of points of the object away from the axis are formed 
by means of obliquely incident pencils, whose vertical angles 
dej)end cm tlie position and size of the opening in the diaphragm. 
The ray which goes througli the centre of the opening is called 
the pHncipal ray of the pencil. The plane through the principal 
ray and the axis of the objective is called the mtridional section ; 
and the plane perpendicidar to this (through the principal ray) 
the sagittal section, 

Iiays of such a pencil, originally proceeding from a point, will 
not as a rule meet again in a point after refraction ; thus the 
refracted pencil is astigmatic. This is due to the fact that 
rays in meridional and rays in sagittal planes converge with 
unequal rapidity. If the Siigittal convei^ence is stronger than 
the meridional, the rays will iii-st form a short radial focal luie, 
and then, further on in their course, a tangential one. 

Testing an Objective for Astigmatism. The most obviously 
suitable test object for this purpose is a target carrying a system 
of concentric circles with their radii. It should l)e so placed that 
the conniion axis oi the circles coincides with the axis of the 
objective. If the objective is astigmatic, it will be impossible to 
adjust the receiving screen so that the circles and the radii are 
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Hiniiiltaneonely Jepietetl simrp at jmits of the tiekl distant from 
the axis ; for the circles are only pictured sharply Id the primary 
iiR^e surface, and the radii only in the aecondarj'. (A cro8B-rnle»l 
pattern iif straight liiiea is also a suitable test.) The distaooe 
lietwc*n the two poaitioue of the screen, one of which niukea the 
pulinl ami the other the tangential lines sharp, at the outer Me/f 
of tht JUld, is oalleii the asti<)maiic clifftnitec, 

Onrres of Field Curvature and of Astigmatic Difference. 
To give a clear representation of the behaviour of a given objec- 
tive as regards tlie detects in question, two curves may be drawn, 
taking as al^cis.'ui the lingular distance of any part of the image 
from tlie axis, and as ordinates the distances of the primary and 
BeeotiHary images fr-jni llie ideal iiuage plane. If a tliird curve 
lie drawn, having as its ordinates the difl'erences of the ordinates 
of these two, it will represent the variation of asthmatic differ- 
once. Such curves have been plotted by P. Rudolph, for various 
I objectives.' 

Lk Defective DeSnition at Edge of Field. The images forme<l 
Pllj pliototiraphid objectives are, in pi-actice, always tlu-owij on 
^pt&ne phiteij jwr] leudioidar to the optic axis. If the object be 
nIsm a plane perpendicular to the axis, the curvature of both 
images causes loss of definition at the edge, when the focus ia 
.,A4iiisted for the centre. Even if 'the curvature of onr. image is 
rid of, astigmatism will still cause ditt'erence in sharpness 
Btweun tangential and radial lines. Eiguality of definition over 
I whole lield can only be obtainetl by correcting Imth for 
latisiu and curvature. This is called mtiutumatic jfiUtening 
F tlie image. 
Since a Mat object gives a cun-ed im^^. con\'er6ely a fiat 
image will 1» given by a certain curved object-surface, which we 
shall call the conjugaU mr/ace. Tlius a sharp image can some- 
times Ije obt4iineil wlien the olijective is only corrected for 
MtigmatiBin. and not for curvature. 

Penetration or Focal Depth. .Suppose the object not to be 
fUt, but to have considerable depth from front to back. Then 
tbiwe |K)ints of the object whose images lie in a plane will lie on 
tlie c*)njugatc surface, which may either be curved or plane 

I according to the nature of the objective. If the marginal portion 
1^ the lens is sulticiently stopped out hy a diaphragm, points of 
L ' E4tn Jmhrh. /, Pkoiogre^U, 1891, 233, 235; 1393.323,224. 
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the object within certain limits of distance from the conjugate 
surface, on both sides, will also be in good focus. It is easily 
shown that, for a given objective, this focal depth increases with 
the distance of the object, and also (unless the conjugate surface 
is plane) varies with the distance from the centre of the field. 

Distortion of Image. A large astigmatic difierence may 
sometimes destroy the resemblance of the image to the originaL^ 
If, in the first test object mentioned above, one part, near the 
edge of the field of view, has its radial and tangential lines so 
close together as to form a fine network with square meshes, the 
network, if there is much astigmatic difference, will not be dearly 
visible in the image; the radial lines being invisible in the 
primar}' image-surface, and the tangential in the secondary: so 
that with one adjustment we shall see only tangential, and with 
another, only radial lines. A midway adjustment will usually 
show the network with both sets of lines blurred; and the 
blurring may be so great as to cause them to be invisible except 
where they overlap. The intersections will, in this case, be 
represented as squares with narrow spaces between them, sug- 
gesting a reversal of light and dark in the pattern. 
- If the object is rotated through 45°, so that the diagonals of 
the square meshes are radial and tangential, the squares of the 
original pattern are changed, in either image-surface, into narrow 
hexagons, ha\ing their length tangential in the primary surface 
and radial in the secondar\'. "With increasing astigmatic differ- 
ence the appearance more and more resembles a simple alternation 
of light and dark stripes. 

47. The Introduction of Phosphate Crown and Borate 
Flint into Photographic Objectives has been confined to a few 
trials, some of them directed to anastigmatic flattening and others 
to the perfecting of achromatism. 

The Anastigmatic Aplanat. Normal and Anomaloiu 
Doublets. The problem of the suuultaneous removal of astig- 
matism and curvature — in other words, of simultaneously flatten- 
ing the primary and secondary image-surfaces — was first solved, 
in an imperfect way, by Miethe*s use of phosphate crown and 
borate flint 

Of previous attempts in this direction, one of the most success- 

* See Rndolph, Die Zeiss-AnaBtigmate. Phot, WochenblaU^ 1892. Nr. 18-21. 
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fill waa Steiiilieil's apUnat. It consiHted of two identical achmni- 
iitic liyiihlets, placad syimiielrically on opjmsite skies of a dJtt- 
phi'agra. Wlien the two tloiililete were moved nearer to^^ether 
or fintlier apart, the primary image -surf ace waa more allbcted 
than the secouiiar}'. luci'ease iif distance iKitween tlic dniililete 
rendere^l the primary surface tiatter. and diminution of their 
iliHtanoe diiuinished the afltigmatio tlifl'erence. Both advantages 
could not he attaineii Hiniultanenuflly. Thia iinpoBsibility liad 
ile nxpt in the uniform relation winch connected the optical 
constants of all the available glasaes. 

An achromatic doublet is always made of two glasses which 
have very different values of v} If the focal distance is to !« 
positive, the glass with greater v is the positive tomponent of the 
<io»hIet.* For the tild silicate glasses, the rule held that the glaas 
of greater v had the smaller index of refractiou n. An achromatic 
converging doublet therefore always consisted of a converging lens 
of crown and a diverging lens of flint, the flint ha^'ing tlie lai'ger 
index. But in order to obtain auastigmutic flattening, in con- 
junction with achromatism, it is necessary that the convi^-rging 
lens should have the greater index. This requires that the glass 
of greater v should also have the greater n. Rudolph has given - 
the uame anomalous to doublets constructed on this principle, 
those eonstnicted on the old principle being called narmai? The 
names are also applied to jiairs of glasses suituble for the foiina- 
tion of such doublets. Liuumer, instead of anamaions and nornuU, 
uses the names new and old achromatic* 

With the glasses formerly available, it was impossible lo select 
a pair of glasses which would form an anomalous doublet with 
any eonaiddnible difference between their values of v or of n. 
The intoxiuotion of highly retractiug phosphate crown, however, 
rendered such n selection )>ossibIe : and for this gloss, combined 
with weakly refracting Hint, Miethe calculated an objective, to 
which hv gave tlie name o1 Annatiijmat.^ It consisted of a com- 
bination of two identical anomalous doublets corrected as far ha 
Sihs FMripnical of " dupenive jiowKr " detineil in « daliDiM « ity. See Art 17- 
I. 16, •qiMtion O). 
r. Jour, q/ Phot.. 33, 443 (1890). 
*MttlIar-['i>ulllcl, 9tli ed., 11., t, l&l. AUo S. I'. Thoiiip«oii'a truulation ol 
tnmwti't FInUijrjtpMr Opiirt. 
* I'ogtlt Phm. tint.. 25, 133 and 173 <IS88). 
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possible for spherical aberration. Samples haNiiig a focal length 
of about 9*75 cm. were made by Hartnack at Potsda^^ in 1888, 
and showed, as regards nearness of the two image-surfaces to each 
other and to the ideal image plane, as much superiority over the 
best previously known objectives as he had expected from theoiy. 
The objection to the practical introduction of this first anastigmatic 
objective lay in the insufficient durability of the phosphate crown 
employed. 

The Wide- Angled Apochromat constructed by Fritsch^ of 
Vienna in 1889 has been classed among aplanats. It was a 
normal doublet of phosphate crown and borate flint, designed not 
for getting rid of astigmatism, but for sharpening the chemical 
image, and bringing it nearer to the visual image, by shortening 
the secondary spectnmi. 

An Apochromatic Triplet, calculated by Rudolph on a plan 
suggested by Abl^e, was made by Zeiss* in 1890, and for a 
few years after. Its construction is fundamentally the same as 
one recommended by H. Schroder for astrophotography," and 
is chiefly intended for increasing the available aperture by more 
complete coiTcction for spherical aberration. There are two 
simple convex lenses, and between them, but not touching theiu. 
is a compound lens of relatively long focus, consisting of two or 
three lenses cemented together, intended to con-ect the spherical 
.uul chromatic al)erration. In the apochromatic objectives of thl^ 
construction, the two concave components of the correcting lens 
were of borate flint, and the convex lens l)etween them, as well 
as the two separate lenses, were made from one and the same 
specimen of crown. The two kinds of glass form a normal pair. 
The jnimary image-surface is flattened, and the astigmatic differ- 
ence is of the same order of magnitude as in the aplanatic tj'pe. 

These objectives are no longer made, as the apochromatic 
correi'tion is of no gi*eat advantage, and there was special 
difficulty in making the glasses free from defects. 

48. Light Barjrta Flints have come into extensive use, and 
possess properties which ai-e of great advantage for photographic 

» Phot, Korre*pondenz »x>n L. Schrank, 26, 12 (1889). 

'See German Patent, No. 5S313, and Zeiss' Catalogue for 1891, i^ 9» IS. 

'.4*^. A'orAr.. No. 2682. 
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i)bjective9. The Iwo leaiijiiy tyjiPR — landscape lenses and aplanitlB 
— were iDtroduceil by Voigtliinder as long ago as 1888.' 

The baryta glasses differ from the silicate glasses in having 
tiiiialler absorption of the highly refrangible rays, and — as a i-ettnlt 
of tliis iliffereiice — smaller increase of dispersion with dwireaso of 
wave-length. By combining the lighter ci-owns with the baryta 
light Hints, doublete can tie constructexi which are very trans- 
I'arent for Ixith visnal lunl chemical rays, and sufticient amounts 
•if flitforeuoe in v and n can be obtained withont the high difi- 
[■eruioti which was previously iinn voidable. These favourable 
ciinditions have given an iucrvase of light ; and the better 
tlatteuing of the primary image has permitted an enlargement of 
Uie field of view/'' 



49. Baryta Crown and Silicate Crown. With the heJp of 
hijilily refractive liarytii omwn and hitihly- dispersive silicate 
• 'iriwn, llie problem of aniustigniatic flattening was attacked afresh, 
and finally received several satisfactory solutions. 

Concentric Lens. Koss of London in 1888 made an anastig- 
iiialie objective, calcnlat«<i by Schriider' which, like Miethe'a 
nearly contemporaneous anastigmat, belonged to the aplanatic 
type of construction. Each of the two achromatic doublets 




in %. 7. of a jdann-oonvex liaiyta crown and 
pla nix: on cave silicate crown lens. The objective takes its 

• fof^ Phot. Mill.. -25. 1.S6 (1888); B-lfr» Jakrf,. /. Phot., 1 8811. 100 ; PhoL 
., -2ri, IK (18S8). ThU Uat refarcDce giv«e the information tlut barytk flint 
i fatkMi the |>Uc« u( borate flint in Zeias' Kpochromatic triplet. 
■Forlvrtbor partiauluii •«« " Uiiayinine(ric«l Anutigmftt* " in the nut Art. 
It FWut, Ko. SIM at 1888, pnbUalied 1S89. i'koL Jftia, 33, 1. 3ia. 
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name from the fact that the two outer spherical surfaces are 
concentric The index of the bar}'ta crown lies between 1*50 
and 1*53. The baryta has the smaller dispersion, as well as 
the gi-eater index, and has consequently the greater v; thus 
the two glasses form an "anomalous doublet." The objective 
consists, like Miethe's, of two doublets precisely alike. 

Calling the two radii r^ and rg, as indicated in the figure, we 
have, in the notation of Art. 18, ^•= l/r^, A;'= — l/rg, and equa- 
tions (.S) of that Art. l^ecome 

the accented letters referring to the plano-concave lens, and the 
unaccented to the plano-convex. For the focal length d of the 
combination, we have 



7_ y\ Tg 



/\ » 



and as v is greater than v\ the focal length is positive. For a 
normal doublet of Che same form the focal length would be 
negative. 

The objective was not placed on the market till 1892, as up 
to that time the glasses required were not produced with sufficient 
unifonuity.^ The construction was not in all respects an advance. 
It gave weak illumination ; and while the mai^gin of the image 
was improved by better anastigmatic correction, the centre of the 
field lost definition by increased spherical aberration. 

Zeiss' Unsymmetrical Anastigmats (D.E.P. 56109). As 
already explained, anomalous combinations of two glasses furnish 
the means of constructing achromatic systems by which both 
image-surfaces are l)rought near to the ideal image plane. But 
this arrangement does not, like the normal arrangement, easily 
lend itself to the removal of spherical aberration. The first 
anastigmatic objectives did not meet this difficulty ; although in 
Miethe's anastigmat the spherical aberration was inconsiderable, 
owing to the favourable qualities of phosphate crown. 

Kudolph was the first to overcome the mutual incompatibility 
of these two corrections. He gave up the symmetrical construc- 
tion characteristic of aplanats, and adopted an unsymmetrical 

1 BritMh Joiir. of Phot,, 39, 273 (1892) and Edtra Jahrh.f Phot,, 1898, 13 and 
348. 
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arrangement,' as Steiiiheil litui pi-evinusly dune with less success, 
in his " anUplauetic;." The objective which he designed has two 
«ieuil>ers, each inilepeiidently achntmatised, one of them being a 
normal pair of silicate crown and baryta liffht flint, and the 
utiier an anomalous pair of Iwryta crown and silicate crown. 
This plan makes it possible to compensate the spherical altermtion 
of the second memlter by means of the tirst, ami the astigmatism 
of the first by means of the second.* The first anastiginat of 
tliia construction was brought out in 1890 in three series;* to 
which, in the coni-ae of the next year, four nthers were added, 
the "relative apertures"' of the seven aeriee being l/4"5, l/6'3, 
1/8, l/r-2, 1/9, 1/12-0. 1/18.* The first meml«r is always a 
doublet; the second is a triplet in the first three, ami a itouldet 
in the Ia»t four. Fig, 8 shows an anastigniat of the tirst series, of 
tiiO mm. focal length, in jj actual size. It has an angle of aliout 
75° and gives a very bright imi^^e. Fig. 9 is an objective of the 
seventh seriea, of li'A'i mm. focus, shown ^ actual size. 




The advantages of this combination of an old achromat with a 
iiew Hchromat, over all former olyectivee. have been fully discussed 
by Kiidolph." They result chiefly fi-om the pi-evions impossibility 
of avoiding astigmatic curvature of im^es in oiijectives well 
scled for spherical alxirration (see Art. 46), Other advan- 
are: — the favouralile position of the images formed by 
ions at the iHiundarien of air and glass, the resulting flare 

■ Knifinh Patout, Xo. m-Si. H< U. Jo-ir. or I'hol. , SA. Hi ( 1800|. 

* K4in Jidtrh. /. Phot.. 1SBI.225. wid ISM. 22J. 

* riyt/i />W. MUt.. Ti. 84 (189II). 
* " re kptrture is iliuneter of objat-tive iliviiled by (ociil length. 

rt of photo-objsctim, IXM, 

'>. I.e. vul Phot. Woekin.btaU, 1802, Nm. 18-21. 
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being thiis reduced to a Tn JT i i innm ; the increaee in li^t dne b) 
freedom of the glass from colour ; and the short diBlanoe between 
the two metnbeTB of the objective, which, together with the 
auaetigmatic flattening, tends to prevent rapid falling oft' in 
brightness at the maif^. 

Anastigmatic Compound Lens. The principle of mutual 
correction of two doublete adopted in the imsymmetrical anas- 
tigmata has also been employed by Kudolph in the conatructioD 
of anastigmatic single objectives composed of three lenses A, B, C 
cement«d together, the two outer ones A, C being positive, and 
the inner one B negative.' If the spherical correction is assigned 
to the pair A, B and the astigmatic correction to the pair B, C, 
while the chromatic correction is shared by all three, then the 
indices must increase in the order A, B, C, and B must have the 
smallest v. B and C must be an anomalous pair. The conditions 
can be satisfied by making A a silicate crown, B a light liaryta 
flint, and C a heavy barj'ta crown. 

The earliest of these anastigmatic triplets were made by Zeiss' 
in 1891, but the completion of the series was delayed, and the 
series was first issued in 1893. It includes 9 different focal 
lengths, the relative aperture l)eing 1/14-5. 

Compound Anastigmats. Any two anastigmatic lenses, s}-ni- 
metrically placed so as to f<jrni a double objective, form what is 
called a compound anastignmt.^ The useful relative aperture of 
such an objective lies between 1/85 and l/6'9. 




Fig. 10 represents, alxiut f natural size, a compound anastig- 
mat with fnmt leiiR of :-!85 mm. focus and tiack lens of 250 mm. 

> English Patent, No. 4602, Britiih Jour. Phol., 40, 331 (1S93). 

"Price LUt ai Photogr. Objectives. 2nd Bupplemcnt, 1893, ud List, lSft4. 

>ZeiM' Catalogue, 1893, p. 8, and 18M, p. 24. 
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^Bie ttpplicatioHH of Zeiss' various auastigumlic olijectives to 
Bpto^raphic puriMjses nl various kiiuls have been ilesorihecl by 
Riidolph.' 

Ckwrz' Double Anaatigmat. K vou Koegli, iudeifemlently 
of Riidolpii, liil upon the {iriuciple on which anasti^rm&tic lenses 
are based, and made u syuiiuetric cunilimatioii of twu exactly 
similar triple lenses, each liuving one negative and two posi- 
tive nomponents." It was accfjnliiigly ilesignated a double- 
Mustifcm&t. The tirst objective of this kind was made at 
(Joew' works iu Berlin in 1892: and two series, with eflective 
spertures 1/77 and I/ll. were issued in 1893. An account 
of tbe jn'rfo nuance of tliesc oVijeetivefi has been published by the 
inventor.^ 

Voigtlander's Oollinear. The manifold adaptability of the 
new glasses in phot^^aphic optics is illustrated by the fact that 
Kaempfer succeeded in attaining anasti^finatic flattening by a 
different methiHl.* The objective desi^ied by liun also consisla 
of two similar members symmetrically placed. Each menil»er 
fousiets of three lenses eeinented tJigether, two of them beinj^ 
positive and one negative ; but tlie negative lens, instead of being 
in the middle, is next the diaphragm. The principle of mutual 
correction of a nonnal and anonialrms pair is not employed. In 
each member the middle lens has the smallest index and is 
concavo-convex, (.'onvergence is accordingly produced at one of 
the two cemented surfaces, ami iliverj^eiice at the other. Anastig- 
matic flattening is thus rendered possible, juet as. in the systems 
of Rudolph and van Hoc^h, astigmatic compensation lietween au 
old and a new achromatic is attained by giving the fonner 
u ilivorging. and the latter a. converging surface of junction. 

Objectivea of this kind, with effective aperture I 6;i, were 
made in 1894 by Voigtiitnder of Hrunswick, who gave them the 
name of eotHnmr. Itecause " the images which they give agree very 
exactly with the object itself, and thus fidtil the conditions of 
iilval cullinenr representation."* By a happy accident the 
r olijectivp also gives achnmiatic union of three coloum, 

* PkoL SorrrMpoml. nn L. SrKntnk. 1893, N'l. 398, p. 512. 
*BiiglUh Palont, No. 23378 : km. Jour. Fhot.. W. 485 (1893). 
' rogfU Phot. liitttU., 30, 485 I1H93-M). 
•/■ta. KaiTurj,. roN L. Sfhrant, 31, 4fifi (I8»4). 
» »V/-i Phor. Milltil., 31. CIS (1894 W). 
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ftuil tlnis lias nil secoiKlary spectrum. A patent for enl»8t*intiaiiy 

the same construction was applied for bv Steiuheil of Munich in 

ZeiBs' Aoastigmatic Lenses. The principle of corrociiim 
usi'ii ill tiiisymiiietrical atineti^iats has also been applied )>y 
Rudolph to siiijile ohjectives composed of four \entvx cement^l 
tt^ther. Two donljlets, each consisting of a poailive mid a 
negative lens, are united. In one doublet the greater index is 
ussi)^ed to the positive, and in the other to the negative letta. 
thus rendering aiiaatigmatJc Mid spherical correction compatilile. 
M regai-ds chromatic aliermtion, the twn doublets vs.n either W 
corrected independently or by mutual compensation.' 

Since 1895 objectives of this design, with aperture 1/12'5, 
have Iteeii made by Zeiss under the name of " AnostiguiaUc 
Lenses." - As there are a larger number of disposable elements 
than in triplet objectives, a joore complete correction of the 
various errors can be attained. 

An anastigmatiti lens of 350 mm. focus is shown in hg. 11, 
alxint f scale. It gives a briglit image, and the angle of fieldt' 
moi-e than H.">'. 



4 




Uy combining anastigmatic lenses in paint sepai'ated bf ^ 
interval, as in fig. 1:2. a series of double objectives (oompi 
amistigmitts) is formed of effective aperture up to 1/6-3. 
give bright images, and th(> anastigmntic flattening of Ghe i 
extends tfl wide itnglt-s.'' 



> KnSlUh Pktont, Ka lOSOe; Brit. Jour. Fhol., 41. 83»(1S94). 

* I'rlco LUt of PhotDg. Obj. Hnppl.. Feb. 18i>5. 

*t'ur tbe i>niati(«l •)iplic«tLan> nf this Mries of objeotireH. see L'bUlogmii] 
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OrtbOBti^matiCB. The olyeclives recenth- issued by ('. A. 
P^ti-itilicil & Suns iimler this uaiue lielimj? to tlie sume tyj* ar 
\'fji(itIiin(lei-'B coUinear, They are objectives witli two iiieiubers, 
eacli tiieml>er heuift a triplet in wliicli tlie iiiiddle leiis has the 
aTnallei«t iiitlex.* 



■ SO. Zeiss' Spherically and Chromatically Corrected Objec- 

^'WTe.'" Tlie aiimiltuneous corfeclion of chromatic ami spherical 

alierration presents no ilitticulty in a cemented doublet coinpoaed 

iif a imsitive crown lens f, and a negative tliut lens L\ ao loii); as 

the relative aperture <loes not exceetl a certain moderate amount, 

about 1/6. If, however, a consiilerably larger ajwrtnre is 

required, serious difiiculty is encounteretl. arising from Uie con- 

_ auction between index and dispersion — a connection which, 

BMlough rendered lees stringent hy the introduction of the new 

H^SSBOi, is not alu^ther nlxtUslied. 

"■ Wlieu two (ihronifttic foci are united, let the increments of 
the indices w, «' from the first colour to the second he S, S'. 
Then, by cquatioui^ (l), (2) of Art. 18, we have 



i-^-'("'-l); 



= h'i + k'S' 

BKive 

^■=k-\in-}yr-(n-\,S}: 

-^ = /-'{(n- 1)^-(h'- 1>^;. ; 



..(2) 



,V-S 



..(;*) 



J-jt', in tlie cftiti' of a c 



•nted lens, is the snni of the two external 



ISm Rril. Jottr. Phot., 1896, 489. Ad outJioe, from the theoretical point of 
view, of tha gnuloftl ilevelo[inieDt of the iihotogrephic objective ii given by Loin- 
mer ia an •rticle entitled " Contributioai to Photograph it- Optica," Z'ilneltr. f. 
ItMrwm., 17. 20S IIMff7). See kbo Miiller-l'ouiUet, Uhr. d. Phy-it. ninth edition. 
IL I, 740-7IUi, UI1.1 S. P. Thnmpson's Trmulmtion of Lammet'' /'AotoyrafAut 
Upli€*. Mkomillkn. 1900. 

■Oennui P*tenl. No 888HQ (1H96|. 



108 JENA GLAS& 

curvatureB, regarded as positive when convex; and the last 
expression for it shows what relations, between the constants of 
the two glasses, tend to keep it small, and so to diminish the 
])ositive aberration which will arise from the refractions at the 
two external surfaces. The external curvature will be diminished 
l)y diminishing n —n and by increasing ^' — 5. 

For the case n' — n = the external curvature is a minimum, 
and has the same value as for a single lens of the same focal 
length. Ill this case, the positive aberration at the external 
surfaces could not be compensated by a negative aberration at 
the surface of jimction ; for the rays would pass through this 
surface without deviation. 

From these considerations, it follows that glasses would l« 
recjuired in which the dispersion of the flint was considerably 
greater than that of the crown, but its refractive power only so 
much greater as is sufficient for permitting compensation between 
the external and internal spherical aberration. 

In the old optica] glasses, a large value of the dispersion ratio 
^'/<5 is always associated with a relatively large value of »' — n. 
Hence, in achromatic doulJets of lai-ge aperture, the external 
curvature is always unfavourable for the correction of spherical 
a I narration. 

Introduction of Hyperchromatic Diverging Lens. There 
are two ways of overcoming this difficulty. The convex element 
of the objective may l)e replaced by a hypochromatic converging 
lens (Art. 22), or the concave element by a hyperchromatic 
diverging lens. In the former case, instead of ^, we shall have a 
ivsultant disjwrsion which we can make as small as we please: 
in the lattt^r, instead of ^', we shall have increased resultant 
ilis}>ersion. In both cases we can avoid undesirably large values 
of n — n. 

In the "spherically and chromatically corrected objective," the 
second course is atlopted, the simple lens L being replaced by a 
hypeivhroniatie diverging lens; with the resulting advantage that 
the chromatic difference of spherical aberration is less than for a 
simple lens of the siiine dispersion. This lens l)eing cemented to 
the simple convex lens Z, we have a triple achromatic system, 
which not only» by its small external curvature, renders the 
oonwtion of spherical alH?rration easy, but also gives less over- 
corrt»ctioii in the upj>er j>ortion of the spectrum than an ordinarj* 
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two-leii3 §y8teni, eniiivnlent lu it aa regards focal leiiytli and 
aecoinlary epectniiii. 

The hyperchiwinatic divei^iiig lens can, if ilesii-ed, have Iwo 
>0oavex single lenses cementetl to it itisteati of only one. 

The eonstnictioii above ilescribed involves an acldili'Hial lens, 
but this dtxadvant^e is accompanied by several advantt^es. At 
the cemented surface inside the hypenjliromatic lens there is only 
very slight liendiug of the rays. The curvature of this surface 
can therefore be made large without injurious consequencea. 
Again, ini|>erfectionB in the shaping of the two lens-faces wliich 
are united at this surface ai* almost harmleas, if a cement be 
iiBe<l having nearly the same index un the gluraeK — a condition 
eaidly fulfilled. 

Pairs of glasses suitable for the hy]>erchromatic lens art- 
available, in sufKcient %-ariety to give a good choice, for valuett of 
n ranging from alx)iit 1'54 to almiit V&l. 

In the specification of the patent for this construction, the 
following numerical data are given for two objectives actually 
constructed, in which the relative ai>erture amonnj* to l/'3. 

Tlie hrst consists of three lenses Z,, Xj, L^: the second of four, 
Ly Zj. Zg, Z,. In Ixith combinations L^ and Z^ cmnixMe the 
hJ^>ercll^omatic diveiying lens, its esteriial (;nr\'fttiire Iwing 
denut«id by /„ and that of its convex component Z, by k. The 
resultant dispersion is denoted by p, and the unit of length 
employed is the focal length o( the combination. The convention 
OS to sign, for the radii of cun-ature r^. r^, ... of the successive 
fac«9, ift tliat r is |iositive for surfaces convex towards the incident 
light 

TKIfLK OaiKCTIVK, 
Z, Zj Z, 

«,,= 100844 1-60841 1-55540 ' 

flo= 1-62217 1-62967 1-5703*) 

«^-Bp= -01373 02126 

r,= +0-4745 



r,= +0-2175 
r^= +9-8865 
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Quadruple Objective. 

Zj and L^ L^ L^ 

M^= 1-60844 1-60284 1-51914 

n^= 1-62217 1-62060 1-53020 
nf.-nj)= -01373 '01776 

rj= +0-492 

r„= -0-795 T^= -1-65 



2 



h 



r^= +0-248 

r^= +0-475 /) = 0-02441 

r^= +5-634 

. 51. Zeiss' Spherically and Chromatically Corrected Ana- 

stigmat.^ An objective giving strong illumination and combining 
good anastigmatic flattening over a large field with specially good 
spherical and chromatic correction, has been constructed on the 
following principles. 

An objective composed of two lenses, L convex and X' concave, 
not in contact, has four disposable radii of curvature, whence it is 
possible — as in Gauss' telescopic objective — to correct spherical 
aberration for two colours, and thus abolish chromatic difference 
of spherical aberration. In applying this construction to photo- 
graphic objectives, the achromatising must extend to the rays 
most active in photography, and the anastigmatic flattening must 
l)e much more complete than is necessary in the case of 
iistronomical olvjectives. 

To satisfy these conditions as regards achromatism, for a large 
aperture, without unduly increasing the thickness of the lenses 
or their distance apart, it would ])e necessary, if our choice were 
confined to the old glasses, to use a very heavy flint glass for the 
concave lens L\ and this (see Art. 47) would be altogether 
incompatible with anastigmatic flattening. 

The difficulty can be avoided by using a hypochromatic con- 
verging lens in place of Z, or a hyperchromatic diverging lens in 
]»lace of L\ or both at once.^ It is not necessary that the glasses 
used should have exactly the same index. A difference of a few 
units in the third decimal place may even be advantageous, 
l)y affording opportunity for dimiuisliing spherical aberration. 

» German Patent, No. 92313 (1897). 
•-'See Art. 22. 
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The patent specification gives the following particulars of two 
objectives, the first consisting of three lenses with a diaphragm 
in front, and the second being a double objective, with its two 
members symmetrically placed before and behind a diaphragm in 
the middle. The second objective has the advantc^e of being 
tree from coma and from orthoscopic distortion. 

Of the three lenses i^, Xg, L^ which compose the first, L^ is a 
simple diverging lens, and Z^, L^ form a hypochromatic doublet, 
L^ being concave and L^ convex. 

Of the three lenses ip Z^, L^ which compose either menil)er of 
the second objective, Z3, which is furthest from the diaphragm, is 
a simple convex lens, and Z^, Z^ form a hyperchromatic diverging 
doublet, Zj being concave and Z^ convex. 

To assist the memory, the single lens is in each case dis- 
tinguished by square brackets. The notation is the same as in 
the specification of the previous article. 

First Objective. Relative Aperture 1/9. 

[A] h ^3 

71^=1-57210 1-51158 1-51111 

7iey= 1-58997 1-52344 1*52127 

n^-n^= 01787 -01186 -01016 

ri= -01164 

r,= -0-2215 f = +1-85 



h 



r^= -1-6097 



r^= +0-2708 /© = 000871 
r^= -0-1760 

Second Objective (Double). Relative Aperture 1/4. 

Zj Zj and [ZJ 

M^= 1-57631 1-57244 

»^ = 1-59227 I080I2 

n^-»^= -01596 -01268 
ri= -0-1954 

r,= +0-4370 ~= -217 



k 



r3= -0-3599 



r^= -1-5424 /© = 0-02306 



rg= -0-3147 



CHAPTER V. 

CONTINUATION OF THE SAME SUBJECT. 

62. Achromatic Diverging Lenses. Optical systems of the 
type of the Galilean telescope and the telephotographic objective 
consist of two members, one positive and the other negative. 
Each is separately achromatised and is usually separately corrected 
for spherical al)erration. 

In the case of the second or negative meml)er, the simplest 
construction is to make it consist of two single lenses cementeil 
together, the negative lens having the larger v and the smaller n. 
The achromatising depends on the differences of j/, and the 
spherical correction on the differences of n. The old silicate 
glasses were capable of satisfying to some extent the requirement^i 
of this construction, inasmuch as v decreased when n increased. 

This mode of constructing diverging lenses had, however, the 
inconvenience of giving too large curvatures to the outer surfaces. 
To show this, we have, l>y equations (3) of Art. 18, 



^ + ^''-c;-— 7(A"Ar 



Leti^denote 7\-K — \X oi' ' (— ^1 r^)» 

so that we have 

d 
For doublets of the old glasses, the smallest value that R can 



A:+A' = f (4) 
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have in <tl>uut 2*4, atiit this m&kea the extemul curvature k + k' 

con^iilei-able when the fucul length d iu small. The cnuditlous 

Lare therefoi-e iinfavouralile f-ir tlie reiunval of sj)herical alierralion. 

r S3. Oomponnd Diverging Lenses with Diminished External 
Onrvatare. If aphericul aWiTatiun is to he treated as un- 
)in{>(.irUkut, tlie constant B cau be diminished by diminishing the 

diflerence n' — n. For if we identify with ^ in the equations 

of Art. i>0, we have 

k + k: = R,f,, 

showing that XjB is increased by (limiuisliiiiy n' — n. By using 
the new optical glasses, it is easy to obtain in tiiis way values of 
It leea than 2. By using anomalous doublets' in which v and n 

are greater tlian >/ and %', and j-, — j is negative, it is possible to 

rtHiuce R below the value 1. The external curvature of the 
doublet diminishes with R in direct proportion. 

If n' is a little greater than n, a little positive aberration will 
remain at the interior cemented surface. When n and n' are 
e({iial. this internal alicrration vanishes completely, and the 
external curvature of the doublet l)ecomes equal to that of a 
simple lens of the same focal length. Finally, when n is a little 
greater than n', the internal aberration is negative, like that of a 
single diverging lena. In all three cases, taking the action at 
the external surfaces into account, the achromatic diverging lens 
will exhibit some small d^^rec of negative aberration. This can 
lie easily compensated by leaving in the objective a small 
remnant of positive aberration. 

These considerations led Kudolpli to a new construction for 
achromatic divergii^ lenses.* Equal or nearly equal indices are 
assigned to the two components of the cemented system, and the 
system is not spherically corrected. This gives smaller external 
curvature, for a specified focal length, than would l>e required by 
pre^Hous methods. 

'SwArt. 4T. 

* Rngluh patent, No. lOUOl. Brit. Jour. Phot.. W, 669 (1893). D.R.P. TU73. 
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Another advantage is, that the internal aberration (at the 
cemented surface) is diminished ; and if it is rendered n^ative, 
this facilitates correction outside the axis. 

The foregoing discussion shows that baryta crown of high 
index is pre-eminently suitable for the negative lens of the 
diverging doublet, and strongly dispersive silicate crown for the 
positive lens. Several other pairs can, however, be selected 
which are sufficient for the end proposed. 

Zeiss makes these achromatic diverging lenses for teleobjectives, 
with the four focal lengths 30, 40, 58, and 75 mm.^ 

1 Price List of Phot, Obj„ 1894, p. 30. 



CHAPTER VI. 



CONTlMATiUX OF THK SAME SUIWEIT. 
TKLESCOrES. 



64. Hand Telescopes with Invertinff Prisma. <-)f the iwn 

oriliiuiry c-ona true t ions fur oreet-iiaage telescopes, kiiuwij aa the 
ItnlilcMinaiiil iht'Terrostriiil.tliefomier is suitable forniagiiitications 
not exceetliug 4 diameters, is eiinjple in construction, is short, and 
gives II bright field. For higher maj^niflcatioiis it is not well 
atlaptel, owing to the amallnese of its field and the falling off of 
light towards the margin. The terrestrial telescope, on tlie other 
■land, has a larger Held witli uniform ill uuii nation , hut is of 
complicated constmction, and disproportionately long. It is 
seldom made with lower magnification than 12, and is usually 
fitted on a firm stand, 

Powers of from 5 to 8, which are the most useful for many 
pur^HtsiW. are not well provided for by either constntction. 

This want has been supplied by introiUicing, between the 
objective antl ocular of the ordinary astri>no- 
mical teleeco[>e, glass prisms which, by four 
succcwsive total refiecUons, re-invert the in- 
\'erl«i imago fonne<l by tlie objectiva 

Two different arraugeuients of prisms can 
Im iwwl for this purpose. Tlie fii«l ia repre- 
aeat«(l in its simplest form in tig. 1^. It 
uuty l<e rq^nled us built up of four ei|uul 
ri^t-or^led isosceles pnanis, the two faces which contain tho 
; ftnyle being square. The five arrows show the conrse of « 
V which undergiiee four retlections, one at each of the hypot«nuBal 





/, 
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faceB, and finally emerges parallel to its original direction. This 
system of prisms, if used alone, gives an inverted inu^ of an 
object seen through it ; and, when used in conjunction with an 
objective which of itself would give an inverted image, changes 
this image into an erect one. 

To convert the first arrangement into the second, No. 4 prism 
in the figure is to be moved parallel to itself from its present 
position to the top of No. 3, so that its left-hand face fits against 
the first face of No. 1. Its two arrows are to be carried with 
it, and will represent the incident ray and first reflected ray, the 
order of succession of the prisms being now 4, 1, 2, 3, and the 
incident light being at right angles to its former direction. 

In the first arrangement Nos. 1 and 2 may consist of a single 
piece of glass, and Nos. 3, 4 of another, the two pieces being 
cemented together at the shaded area shown in the figure. In 
like manner, in the second arrangement, Nos. 1 and 4 can be 
made in one piece, and Nos. 2, 3 in another, and the two may 
l)e cemented together. 

Instead of having the four component prisms all close together, 
any two of them may be shifted apart, provided that the shifting 
is oft'tHJted along the course of the ray. The prisms can also be 
made to do duty as lenses by giving spherical curvature to some 
of their faces. 

66. Oollateral Advantages. By either system of prisms, the 
central ray is l)ent four times at right angles ; and as the total 
length of jmth from objective to eyepiece is a fixed quantity, the 
length of the telescope is thus shortened, especially if there is 
wide st*i>aration K^tween the prisms. This shortenii^ may or 
may not l>o accompanied by lateral shift of the emergent ray 
relative to the incident rav. 

With the first system, the maximum shortening for a given 
amount of lateral shift will l>e obtained by placing prisms 1 and 2 
at the eye-end of the tul^, and prisms 3, 4 at the end next the 
objei^t. Kays will thus have to travel over the length of the tube 
tluxv times in succession. 

Hy this combination of reflecting prisms vrith the lenses of the 
astrvniomieal telescope, we obtain a construction which, as reganls 
handinoss, field of view, and illumination, leaves nothing to be 
dessdreil. The two arrai^ments of prisms above described were 



^ 
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, an IlaliaD engineer, I'ut 



F 

^HtVeiit«<l many years agu by V 
^■attracted litUe attention.' 

Lateral Shifting can be increased by se|>arating No. 1 priani 
ill t.lie lirst anangetneut. or No. 4 in the second, from the tliree 
remaioing prisms. Tbis shorteuB the telescope, but odds bo its 
width. The separate*! single prism can conveniently be mounterl 
in tlip holder of the objective, and the remaining groxip nf three 
I in the bolder of the ocular. 

Two other a<lvant^res (not conl«mplate<l by I'nrro) ait; also 
llbtaiued. 

In the first place, by reason of the crookednees of the course 
I the rays, the ol)server can see without exposing himself. 

In the second place — what is of more practical importance — 

^ binootilar c«n l<e employed in which the two objectives are at a 

nich greater lateral distance thau the two eyes, thus giving 

I stereoscopic effect; a res^dt which Heluiholt/. eiide«v- 

to obtain in his telestd'eoscojie * by employing two 

Bstrial telescopes with a princijwl plane mirror and a reflect- 

; pn'am. 

56. Zeiss' Field-Glasses and Relief Binoculars. I'orro'stwn 

MUMtructiijiw wE-m sii Liiiiijiletely furgoLt<?n that ihey were several 

einvcnt««l. espe<^'iully 4lie foiiii represented in tig. 1:^. It 

I through the Jenii Optiwd Kacttin' that prism lele8coi)e8 first 

me into general use." The long delay in utilising so old an 

* The flnt ii dearribed in the Franoh niagazine Ctumo*, edited by Mtngno. 
L )!• p. 222 (IHTiS) 1 the wcond, with ipbericftJ priani-fucM, in tb« Mkue joumkl, 
LA ^ 401 (l&W). 
l'IJ7rUKa. d. Phyt. Opt., lit ed. p. 681 ; 2nd eil. p. HO). 

> hiatorieal infonn»tioii Teapeotiog prism t«!e3oop« will be foiuid ia 

■■ book, o» .Vit» Kijult of Ttlaeoiica, ei^itriaily /or llniui Vf, Berlin, ISSS. 

fa. SMeiuia {.Virrin-iliiaU •!. dttUKh. lit:/. Merh. «.Ofl. OSW), p. -2) give* the 

lloviog tMtimuny •. 
^ "Among K nninber uf old moileli left by my Krandfather, C, A> I^teinlieil, 
Efeonii a few d»yi ago a unall metal case of peoaliur abape, with two round 
n opposite Hides of the CMie but not directly opposite, which, on closer 
nination, ttirneil nut tt> be an inverliiig auemblagu of priimi. [It nas a 
t form ol the hvcodiI arraii^meDt. ] Une of the two upeuinga in the oai« 
r thread, obviously for riMwiving the objective, and the other waa 
alivloiiBlf lotendeil for riMniving the sliding oeaUr lobe." The date ia believed to 
\m "about IWtO, oi at that time C. A. .Steiuheil was much ocoupied with apparatus 
ill which prisms plajeil a leading part." 
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idea may partly be explained by the difficulty ariBing from the 
length of path in glass and consequent large absorption in 
traversing the system of prisms ; this length being much greater 
in the prism telescope than even in the ordinary terrestrial 
telescope. The Jena Glass Works furnished for the first time 
the means of overcoming this difficulty. Indeed, of all the 
glasses in the Jena Ust, there are only two which are suffici- 
ently transparent for telescope prisms, and only one of the 
two is really available, as the other cannot be obtained free from 
bubbles. 

The starting point of this new line of work may be foimd in 
the fact that some of the scientific advisers of the firm — quite 
unaware of what Porro had done — were impressed with the 
advantage that might be derived from the lateral shift obtainable 
by successive reflections. 

Two types of prism telescope are made by the firm of ZeiBs.^ 
For field-glasses, they employ the arrangement described (in the 
first half of article 55) as gi^ing maximum shortening. For 
relief binoculars, which are the practical realisation of Helmholtz' 
conception of a stereoscopic telescope, they employ one of the 
methods of giving large lateral shift described in the beginning 
of the second half of the article. 

The widening-ratio, that is, tl^ ratio of distance between 
objectives to distance between oculars (both measured from centre 
to centre) ranges from 1*75 to 2 in field-glasses, and from 5 to 7 
in relief binoculars. A relief telescope with stand was exhibited 
at the Munich International Congress of Psychologists in 1896, 
in which the distance between the objectives was 152 cm., so 
that, taking the distance between the eyes as 6*2 cm., the 
widening-ratio was between 24 and 25. According to the report 
by Ci. Hirth, the performance of the instrument con^esponded 
to these figures. 

67. Increase of Resolving Power and Illnmination in 
Telescopic Objectives. The resolving power of a telescope is 
determined by the linear aperture of its objective. Let S denote 
the angle between two fine lines or points, for example, two stars, 
which are just separable, b the linear aperture {t,e, the clear 

^ ProBpectus of Binocalars, 1897. 
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(liameter of the olyective), and X the mean wave-length of the 
it, then we have ' 



^ighl 



S= 



Tile brightness of the image of a body subtendiug a sensible 
aiiglt^ J8 pnHMirtional to Qh^, if we denote by Q the ratio of the 
transmitted to the incident light, We shall use a symbol S 

rnedby 
ff=Qi' (1) 

It is desirable, even for small nhjeotives, that Q should be as near 
to umty BS possible: but this element comes nmch more inUi 
considemtioii in tlie case of large objectives : as will appear, if 
we examine the connection l>etween increase of diameter of the 
objective and increase of brightness of the image. 
Equation (1) gives 

• 1 dH 2 ,1 dQ 



-(2) 



loss by reflection and partly on loss by 



$ depends partly 
alnorpUon. 

The ratio of the light tranBmitted through one of the surfaces 

tthe light incident on the Riirface, is, for normal incidence. 
>rding to Fresnel, 
enol 



fl = 



-(^)'- 



(3) 



loting the mean index of retniotion. 
Again, if A', denote the ratio of the transmitted to the enter- 
ing light for thickness a, and JCg the corresponding ratio for 
tbicknefis fi, we have 



Ke = {K,f" 



.-(4) 



^Rbw consider an ubjective composefl of two lenses whose indices 
UDwrli'id in (3) give values K^ and R^; supposing A", to be known 
by experiment fur a certain thickness «. and to have the same 
value for both lenses ; the total thickness being $. 

In tiumpiiting the resultant efiect, each of the factors 7?,, Jt^ 

pS^BT«f«t'B///i«(rarton-n/C.O.A UhUk, 1902 edition. Art. 148,) 
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will occur twice, because each lens has two surfaces. The ratio 
of the transmitted to the incident light for the complete objective 
will therefore be 

Q^B^^R^^Kf^^B^^R^KJ^ (5) 

The thickness )8 may be taken at from 1/6 to 1/7 of the 
diameter 6. Taking then )8 = 6/6*5, we find 

The first term 2/b is positive, and diminishes as b increases. 
The second term is independent of b, and is n^ative, since the 
fraction K^ is less than unity. For small values of i, the positive 
term is large compared with the negative, and absorption does 
not much influence the change of brightness with change of size ; 
but the case is different when b is large. It is theoretically 
possible for 6 to be so large that the positive and n^ative terms 
cancel each other, indicating that the brightness has reached a 
maximum and further increase of size will involve loss of light 
This limit is never reached in practice, but there is a limit 
beyond which the advantage gained by enlargement would be too 
small to justify the additional outlay ; and this limit depends, as 
equation (6) shows, on the value of K^, the limit being carried 
further as K^ approaches unity. 

Practical Example. Transparence is specially important iii 
telescopes intended for photography. Hence the data found bv 
H. C. Vogel ^ for the objective designed for the great refractor 
recently erected at Potsdam will serve as a very appropriate 
illustration. Having regard to the purpose for which it was 
intended, and to the results of preliminary experiments, it was 
decided to achromatise the objective for chemical rays only, and 
to attach to the instrument a guiding telescope of the same 
focal length.' Steinheil, the maker, projx>sed as suitable glasses, 
the light flint 0. 340 and the crown 0. 203, which could be had 
ill lai-ge pieces without faults; hence an examination of the 
absorbing properties of these two glasses was undertaken.* The 
results, so far iis they coiieeni us, are here summarisetl. 

* .\fath, ti, fio/ttiir. Mitteil. der Berlin, Akad., 1896, vol. 9, p. 623. 
« See Art. 60. 
» See Art. 25, 
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Values (if K^ for a = 1 cm. 



Photographic nyi. 



1^1 1 Imti tilting accord iiij;]}' for a and A', in equation (C), we obtain 



for photographic rays ^ ^-= ^- 



■0006, . 



til© unit of length l)eing the centimetre. 

The ri}<ht-hand memWr of (Trt) vanishes for alMiiit fc = T.TO, 
and that of (76) for alwnt ii = .'100. The maximum of viRual 
I>nghtnes8 wonlil acconlingly lie reached with au uhjective of 
7) metres dianietei', and that of photographic intensity with one 
metres. The dianiBler actually decided on was 80 cm.. 
hich is greater than that of any other ohjective in Europe.' 
For the giiiiling tetettcope an aperture of alfout 50 cm. was 
lopt«d, iho focal length being in both cases 12 m. The ratios 
I upertuiv 111 fiKvd length were accordingly 1/15 and 1/25. 
, iSitting fcss 80 in efiuation 76, we get 






■0184. 



I is ibe ratio of dH to H for aii iiiL-reasu of 1 cui. in 6. 

Ktreasing the aiierture from 80 cm. to 81 cm. would accordii:^Iy 

8 the photographic inleusily r84 iter cent. The increase 

idd l»e 25 per cent. Increasing the diameter to 

IflO f!m. wouM incrwisf the intensity by lew* than 40 per cent., 

■iiid wiilil wA ivjiiiv the ailditiimul ontluy. 

Table for calculating InteDsity of niuminatlon for Ob- 
JectiTes of Different Sizes. A» glu.s.st>!4 0, :I4(J and U. '1^%, or 
s Willi m-arly the same proitertiea, im^ likely t*) lie frequently 
nployed for a similar pui-pone, Vo^l haa calculated the follon-ing 
"s applicable V\ thcni : 



TIm obJaellTt nude *b»Dt llic 




B time f-T the Mrdilon obacmtorv i 
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/9 


100 iT^ 


100 c 


cm. 


Visual. 


Photographic. 


Visual. 


Photographic. 


4 


93 


84 


77 


69 


6 


90 


77 


75 


63 


8 


87 


71 


72 


58 


10 


84 


65 


70 


53 


12 


82 


60 


67 


49 


14 


79 


55 


65 


45 


16 


76 


50 


63 


41 


18 


74 


46 


61 


38 


20 


71 


43 


59 


35 


22 


69 


39 


57 


32 


24 


67 


36 


55 


29 


26 


65 


33 


53 


27 


28 


62 


30 


52 


25 


30 


60 


28 


50 


23 


32 


58 


25 


48 


21 


34 


56 


23 


47 


19 


36 


55 


21 


45 


18 


38 


53 


20 


44 


16 


40 


51 


18 


42 


15 



In computing the table, -fiT^ for a= 10 em. was taken as '845 
for visual, and '653 for photographic rays. The value of Q 
depends partly on R^ and B^, which were computed by equation 
(3); the values assigned to n in computing R^ being 1*583 for 
visual and 1-601 for photographic, and in computing R^y 1*521 
and 1*532, these being the indices for the line \ (wave-length 
•518m) and the line h (wave-length •410m). 

In using the table to find the value of H or ^6*, fi may l)e 
taken as from ^ to 4 of i. 

The two glasses above discussed are Nos. 13 and 64 of the 
list in Art. 17, and are described as "ordinary silicate crown'* 
and " ordinary light flint." The l)aryta light flints are even more 
free from colour. The improved method of annealing large discs 
introduced at the Jena Works is another important contribution 
to astronomical requirements. 



68. Cemented Doublets for Objectives. In an objective 
consisting of two lenses not in contact, there are four radii of 
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^vatiire disjKisal lie. By nieaus of these, it jb [tossilile to give 
^^rescriljeil focal leugtli, to achroiiiatiae, to correct for spherical 
iilierration on the axis, and to satisfy the Bine-condition, I'he 
inar^nal alierration will, as a cctnseqnence, be practically annulled, 
if the ratio of focal length to aiierture ia not too sniall.' These 
.ire the general rei]itiremeiit8 for all gnud telescopic objectives. 
Expresflions for the four i-ailii, deduced from the four above- 
fi^itioneil conditions, are j^ven at Llie end of a paper by Moser 
^■Utronouiical objectives.^ 

^Bl, for small objectives, say. of less than 50 mm. aperture, the 
H^^er condition l>e imposed that tlie two leUBee shall be in 
contact over one surface of each, there will Ijc only three radii 
(lisposttble ; and the question arises what glasses must l>e i)se<l in 
order that the requirements may still l»e satisfied. 

H. Harting's investigation of tliis question by calculation * 
Ieail.1 to the oiiditsion that, with the glasses available do\ni to 
1864, it is impossible to produce cemented donblets which, ^in 
Addition to being achromatic and free from axial aberration, will 
alao rigorously satisfy the sine condition. In all pairs of crown 
Hnd flint, the dispersion of the crown is too high, and that of the 
flint too low, in comjwrison with the index. Hence iu pencils 
oblique to tlie axis more or less al)erration remains. 

It is true that, in some of the old pairs of glasses. lliiH 
outAtaiiding ulierration did not pntctically matter, for the simple 
rc«aon that they had other worse faults, compai-ed to which it 
wns uniniporlunt. This is the cose, for example, iu the following 
objective (crown in fmiit) which lielongs to a tj-pe formerly 
common: 

Urown 0. 40, loltiti 
Flint 0.167. f616!l 



"Values of the three radii of curvature are expn-sst'd in leni 

'SMCuiwki, VViuliFlinMn's Ilan4l: d. PAjic. II. 1. 270, 
^XtiUekr./. /(utrHm.,7, 22&(le87). 
'JSnitiAr./. /n*7™»., 18. 35T (1898). 
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of the focal length taken as unity. The difference given in the 
last line is the external curvature. 

On the other hand, the new Jena glasses permit a strict or 
nearly strict fulfilment of the sine condition, and that in two. 
ways : 

First, by combining a silicate tiint of iitdex 1*64 to 1*65, with 
a borosilicate crown of index 1*50 to 1*51, and of smaller disper- 
sion than the old crowns ; for example, 

Flint (in front) 0. 102, 1'6485 
Borosilicate crown 0. 144, 1*5100 

rj= +0-4234; r2= +0*2446; r3= -14-71; 

1-^=2.43. 

Here the sine condition is strictly fulfilled. The external curva- 
ture, however, is somewhat greater than in the preceding objective, 
and this is disadvantageous for avoiding axial spherical aberration. 
Secondly, by combining a barium-silicate crown of index 1'57 
to 1*59, with a flint whose index need only be slightly greater; 
for example, 

Baryta crown (in front), 1*5899 
Baryta flint, 16229 

/•i = 0-()473; r.,= -0-3059: r.^= -3*175: 

1-1=1-86. 

In this ol)jective, the sine condition is very nearly fulfilled, and 
the external curvature is consideral)ly lessened. Hence, with this 
objective, tlie aperture may be made decidedly larger,^ compared 
with the focal length, than would l)e permissible with crown and 
flint havin<j; large ditt'erence of index. 

The solution of this special prol)lem in the optics of the 
telescope is thus considerably furthered by the new Jena glasses. 

59. Astigmatism and Curvature of Image in Astronomical 
Objectives. The (piestion whether the astigmatic curvature of 
the image formed by an astnmoniical objective can Idc materially 

^ See Casapski, loc, cit,, 271. 
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iabecl l<y proper choice of glosses, has hetm exaiuiQcd hy 
urtiiig by meauM of appmiciiiiate ftlgebraic funiiiilae.' Theee 
ilae are based on the three assumptions : 
at tlie (.hickiiesses of the lenses composing tlie objective are 
{ible ; 

at the axes of oblique pencils froiu indnitety dialant jraiuts 
throiijjb the centre of the objective ; 

:at the inclioatiuus of these axes to the optic axis do not 
d about 5°. 

om these assuniplioas it is iumiedtately deduced, that the 
natic diiference (distance lietween primary aud secondaiy 
., divideil by focal length)* ia equal to the square of tlie 
latton. Thus, for an inclination of 5°, the distance is about 
r cent, of tlie focal length. 

lice this amount on the assumed hypothesis ia invariable, it 
ins to lie seen whether it is ponsihle to make the two 
matic image-surfaces symmetrical with respect to the plane 
igh the focus at right angles lo the optic axis. If this be 
im]HisaibIe, tlie only way left of effecting an improvement is 
ing the two imi^ce-surfaces nearer to the focal plane, 
aginning with an objective consisting of two lenses, it is 
:l that, other things being equal, it makes no difierence in 
bwo astigmatic imaye-surfaces whether crown or flint he in 
k It also makes no ihfl'erence in this respect whether only 
■oaeB are used or a larger number, so long as only two kinds 
lB8 are employeil. It is only by introducing more than two 
3 of glass tlmt the curvature ia chauged. 
fler this preliminary discussion, Uarting cunline« himself to 
Ittvce uiade <>f only two kinds of glass. Let n, c refer to the 
■' to the flint, with the assumption v > v. Then. 
i<l p, be the curvatures of the secondary and primarj' 
irfaoeo (the focal length of the objective being taken as 
of length), we have 

^ , (1) 

--.irAlr'n)+l ■<2> 
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Both p^ and p^ are regarded as positive when the correeponding 
surfaces are concave towards the objective. 

In all the glasses under consideration, a- is positive. Hence it 
is not possible to attain symmetry as r^ards the two image- 
surfaces ; for this would require p^ + p^ = 0, whence a- = — 2. 

Further, any considerable flattening of the image-surfaces by 
diminution of a- could only be attained by an " anomalous " pair 
(see Art. 47) in which n> n' and v > v\ The first term in the 
expression for a- then becomes negative, and can be increased 
numerically by diminishing the difference i/ — /. A limit is, 
however, set to this diminution by the requirements of spherical 
and chromatic correction. 

Thus no marked diminution of astigmatism or of curvature of 
image can be effected by selection of glasses. 



60. Ghromatic Aberration in Objectiyes of Oreat Focal 
Lengfth. The length of the secondary spectrum may become 
very considerable with increased focal length. We have a good 
example of this in the great instrument of the Lick Observatory. 
The following table gives the relative positions of its chromatic 
foci, from Keeler's measurements: 



Ray. 


Wave Length. 


Position 
of Focus. 


B 


•6867 fi 


0*0 mm. 


C 


•6563 


- 61 


D 


•5893 


-11^4 


F 


•4862 


©•0 


0' 


•4341 


+ 36-8 


h 


•410-2 


+ 701 



The objective, as the table shows, is achromatised for the visual 
rays by uniting B with F, The positions of the other foci ai-e 
specified with reference to this point of union, the plus sign 
indicating greater distance from the objective. The focal length 
of the objective is about 17*4 m. 

The shortest chromatic focal length belongs to a green ray, 
and corresponds to —11*9 in the notation of the table. The 
length of the spectrum within the limits of the table is therefore 
82 mm. The focal curve plotted (as in Art. 19), from the data 



H1V€ 
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I in the table lins ilie form clianiuU'ristie uf ihe okl oi)tie«l 



The visual fiXMis of the objective lies at the point of union of 
the complementaiy red and greeu, at — 51. The greater portion 
• if the remaining rays ure not helpful for the visual image, hut 
tend to blur it. 

The phutc^aphic rays have an ill-detined fociia at about 
+ 41-9 from the ussiimed zeiii point. Thus tlie distance betweeu 
the visual and pliotographic foci is altout 47 mm. The imperfect 
iiuhronuLtisni of the objective for chemically active lays becomex 
unpleasantly evident wheu the telescope is used for photc^raphy, or 
ftir 8i)ectrographic oliBervation of the more refrangible rays. A 
nirrectmg leua pliiced liefure the nhjective brings ulwut a lietter 
tinion of the aclinic rays, and at the wime time shortens the focal 
length ciiusidembly.' 

The secondary spectra of tlie I'ot^dam 29-8 cm. refractor, and 
the Vienna 675 cm. refractor, have lieen investigated by H. C, 
Vogel, fmm whose papers tlie following; data lu-e tiiken:* 



PoUdwo Befinctor. 


Vienna RotrnKtor. 


Wftvc Length. 


POMtioii 
of Fouoi. 


W.ve Length. 


Poiitlon 

of FOCUB. 


■6Mm 

■eio 

-S30 
■«86 
■470 
«U 


+ oa 

- IT 
0-0 

+ in 

+ B2 
+ 16-7 


■6B0M 

-610 

■570 

■486 

-470 

■430 

■410 


+ 21 mm. 

- 67 

- 7« 
0-0 

+ 4-4 
+ 80-7 
+ .11 1 



The Potsdam instrument is achromatised by uniUi^ F with a 
line near D : the Vienna one by uniting F with a line near C. 

Ill view of the above results it was decided that the objective 
of Uie great refracttir, of 80 cm. aperture and 12 lu. focus (see 
Art. S7). to l>e erected at I'otsdam for photographic purpoees, 

' Tb* nfereoM for thcM pkrticnkn ii D. Taylor, Improitmtnii in Compowid 
OA^crr-pJoHu/^r Tdrteoptt illtas). 

'MtmaHbtr. d. Btrlin. Ahtd., lm\ 4S8, and PuU. iL attmphgi. Obi. tu 
PotafuM, IV. I, 4. AIM /ttr. d. Btri. Ai., 1896, 1221 ; Mid MaOiem. h. .YaCuno. 
Mia.. I696, 825. 
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should be achromatised for the most powerfully actmic rays. It 
was at first intended to equip the large telescope with an 
appliance for introducing or removing at will a system of lenses 
for bringing about a better union of the visual and chemical ray& 
This, however, would have required a triple lens, which, in order 
to give a fairly large field, must have had a diameter not less 
than 30-40 cm. On account of the expense involved, and for 
other reasons, the plan was given up, and the only means of 
correction provided was Christie's arrangement of a small doublet 
near the focus — largeness of field being sacrificed. This correcting 
lens is used when spectrum observ^ations are to be made in the 
less refrangible part of the spectrum^ 

The auxiliary eye telescope of 50 cm. aperture and 12 m, 
focus is itself a powerful instrument — more powerful than any 
telescope previously constructed in Grermany. 

The foregoing data clearly show that the removal of the 
secondary spectrum is a pressing problem in telescopic optics. 

If the chromatic remnant of spherical aberration could l)e 
removed, this also would have a beneficial efifect on the image. 
We shall deal in the next article with the attempts hitherto 
made to solve these two problems. 

61. Removal of Secondary Spectnun in a Doable Objective 
by Phosphate Crown and Borate Flint. The two glasses S.30 
and.S.8 (Nos. 3 and 24 in the list of Art. 17) are specially 
suitable for mutual achromatisation in a double objective. If 
the foci for the C and F rays are united on the axis, and the 
focus for D be taken as origin, the residual aberrations are 
found, by calculation, to have the following values in mm. per 
meti-e of focal length : 

A' CDF G' 

-007 +0-07 000 +0-07 +0*49 

The dispersion is thus almost entirely abolished from A to F, 
becoming appreciable only l)eyond F, and quite small even there. 
The character of a tertiar)' spectrum, such as this, is easily 
gathered from a glance at the focal curve (2) of Art. 19. 

Czapski has calculated the outstanding chromatic aberrations 
for the same pair of glasses when so combined that the focal 
length is a minimum for X^s*55/a (which is about the brightest 
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pltioe in the solar spectrum), aeconling to tUe method described 
in Art 20. The foUowing are the results, expressed in the same 
Qiiits as Itefore : ' 



kTlo-TT*'! 0-73 I 069 j 0-83 [061 Io-StI OmI 0S3 0*9 I tl'46 



-004 -0-02 -O-OI O-OO 0-00 i (HKI 0-00 +0(11 +0-0* ( +0-21 



The aberraltoQS from X = '7 7m to \ = '4 9/i, that is, from A' to F, 
are liere even more completely corrected, the general character of 
Uie focal cur\-e remaining unchanged. 

TestiOff of Objectives of S. 30 and 8. 8. Two objectives, each 
composed of the two glasses in question (a phosphate crown and 
a borate flint) made hy Bambei^ of Berlin from Czapski's calciila- 
tious, were testeil hy H. C. Voget for their actual achromatisni 
hy a method of his own, distinguished by the sharpness of its 
indications.* 

If tlie ini^e of a bright star, fonned hy a powerful astro- 
uuiuical telescope, is viewed through a direct- vision train of 
prisms, the image of the star is drawn out into a spectrum ; and 
this spectrum cannot, by any adjustment of focus, 1^ reduced to 
a sharp line. It may rather l>e described as a diffuse l)and 
constricted in one or two places and widening out at the ^'iolet 
end. This is due to incomplete achromatism of the objective. 

Suppose, for example, that the objective ia composed of the 
crown 0. 60 and the flint 0. 1 OH, which, when combined, give the 
fiwal curve (1) of Art. 19. When the eyepiece is tocussed tor 
the part of the spectrum where the focal length is least, which, 
ad the figure of Art. 19 shows, is a little al>ove t>. the spectrum 




will l<e narrowed down near D, and will broaden out towards 
both ends, Imcause the spectrum is increasingly out of focus. It 
will therefore have the form roughly sketched in fig. 14, a. 

■ Winkelmuin, 0a«ft. d. Phy»k. 11. 1, US. 

• HimaiArr. d. SeWm. AtatL, IS80, 4%). 
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As the eyepiece is pulled further out, the constriction will 
break up into two, which will travel in opposite directions ; and 
when one has reached F, the other will be at (7, as shown in fig. 14,6. 
In like manner all the lines seen in the spectrum of the star can 
be brought one at a time into focus; and the positions of the 
eyepiece will show the relative positions of the diflferent chromatic 
foci. By plotting these observations, with the wave-lengths as 
abscissae, empirical focal curves are obtained which can be com- 
pared with the theoretical curves, and will show to what extent 
theoretical expectations have been fulfilled. 

Vogel began by applying this method to four objectives by 
Schroder, Grubb, Fraunhof er, and Steinheil, using the star Siriue ; 
and secondary spectra of large range were exhibited. The pairs of 
coincident foci are dififerent for the dififerent objectives ; but the 
distribution of the foci for the most important visual rays — say 
from C to F — ^is nevertheless practically the S€une for all. If 
the distance from the focus of -F to that of & is also taken into 
consideration, the Fraunhofer objective is distinctly superior to 
the others. Since it, therefore, is the most suitable for com- 
parison with more completely achromatised objectives, we subjoin 
a list of its chromatic aberrations. 



Fraunhofer Telescope at Berlin Observatory. 
Aperture 24*3 cm.; Focal Length 4331 cm. 



Ray. 


X. 


Pulling Out. 


Per Metre 
Focal Length. 




0-690 M 


- 0^8 mm. 


- 0^19 mm. 


C 


•656 


- 1-3 


-0-30 


D 


•590 


- 2-8 


-066 


b 


517 


- 1-2 


-0-28 


F 


•486 










•459 


+ 1-8 


+ 0-42 


0' 


•434 


+ 4^0 


+ 0-92 


h 


•410 


+ 8-5 


+ 1-96 


H 


•397 


+ 157 


+ 362 



The niiuimum focal length comes almost exacdy at 2>. The 
red ray C is united to a green ray of about X = '525/4, beyond E, 
The focus for F is taken as the zero of the measurements. 
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^1 The Miiae method was afterwai-ds' applied by Vogel b> tlie two 
■Objectives mentinned at the beginning of this Article, which were 
(.■onetinclctl with a ^iew to prelimioary trials of the new glaeeee 
S. 30 and S, 8. The results are given in tlie following table, 
together with the alwrrations of the Fraiinhofer objective for the 
Mine waie- lengths. Of the Fraiuihofer values, some me dirwtly 
<)bHerve<l, and the rest are derived hy interpolation from the 
«baerveil \-alneB given in the preewliog table. 



Objective I. Af^iertui-e i;i'4 i 
ObjecUve 11. ,. 176 c 



Kiical length 197'3 cm. 
2500 cm. 





Cair»ii»t. Aberr. per metre ol Focal length. 


X 


I. 


II. 


Freunbofer. 


0-710 M 


-O-Ofimm. 


-0-02 mm. 


+ 0-67 mm. 


•650 


+ 0-00 


+ 0-06 


+ 0-23 


•000 


y-00 


0-0(1 


0-00 


•530 


-0-oe 


-I no 


+ 0-24 


■«o 


+ 0-J8 


+ 0-06 


+ 0-86 


MIO 


+ 1-10 


+ 0-W 1 +2-80 



^P CKapaki has pointed ont* that, in t«6ting extremely well- 
' ttchrotoatiBed small objectives, the results may be seriously affected 
by the chromatic errora of the ocidar and of the eye. He 
iiccordiiigly suggeflta that the iiniige of the sun formal in a 
glubiUe of mercnry should be \iewed thraugh the ocular and 
prixins, and the errors thus oliserved subtracted from thoae 
ol«erved iii the principal test. Vogel took this suggestion into 
aoounni in his deduction of the alxive results.^ 

In diacussing the above comparisons Vogel remarks on the 
extraordinary advance in acbromatisation which they exhibit, and 
■te importance for spectrographic work, in view of the fact that 
with the great telescopes of the present ilay, it is iiupus.'iible to 

> pMrtn^nKAr. d. AMron. Qa.. 23, 142 (1X88). Kflfgmt: Zriivhr. f. ImUru 
■KM««i.,8, 24«{IS8S|. 

''Zatsekr.f. Iwirtim., 8. 217 lISSS). 

■Cw|ald in Xtilf.hr. /. luj-irum., 9. 2.50 (ISNjt) uriticiMui a methtxt publuheil 
by Ch. 8. HutlngB (or cklcaUtiag the ■econilary spectra of Ul»copic objectives, 
and the empluymnnl i>[ kit objeotive (of S. 30 and S. 8) of only 6~7 cm. apertare aa 
a iMt of tbe rnvthod. 
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obtain a general view of the whole spectrum at once, owing to 
the wide separation of the foci of the different colours. 

On comparing the tertiary spectrum actually obtained with 
that deduced from theory,^ satisfactory agreement is found, both 
as r^ards the main features of the focal curves, and the order of 
magnitude of the residual al)erration. 

62. Difficulties attending the use of Phosphate and Borate 

Glasses. In the attempt to utilise, for the improvement of 
telescopic objectives, new glasses of favourable optical qualities^ 
such as phosphate and borate glasses, various difficulties are 
encountered.^ 

For an astronomical objective, discs of large diameter are 
required, and this may preclude the use of a glass which can be 
employed without difficulty for other optical purposes. 

Again, glasses of essentially new composition have their own 
peculiar mechanical properties, which, as a rule, render them 
unfit to be worked by the ordinary methods of an optical factor)'. 

Further, the customary methods of cooling do not suit the new 
glasses. Stresses which would be of no consequence in o/dinary 
silicate glasses become serious defects in phosphates aol^iborates, 
and unfortunately the tendency to acquire these stresses during^ 
solidification is greater in phosphates and borates than in silicates. 
It is obvious that this greatly increases the difficulty of making 
large objectives. 

These difficulties, formidable as they appear, have all been 
overcome. There remains, however, another difficulty, which is 
inseparably connected with the chemical composition of the glass, 
namely, its liability to be attacked by moisture. Among the 
phosphate and borate glasses there are several which cannot 
safely be exposed to damp air for any length of time.* 

63. Successfal Emplojrment of Newer Glasses. Under the 

circumstances just mentioned, it is not surprising that further 
attempts are continually being made to discover new glasses 
which are chemically and mechanically durable, besides possessing 
the requisite refracting properties. 

^ See early part of this Article. 

' See Czapski in 7%e OhHrvatory, June, 1889. 

' See Appendix. 
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pese etTorts have beeu crowned with succeRs appeai-s 
|fax)m an article puhlisheci hy M. Wolf relating to an 
loonfltrncted liy Zeiss from calculations hy M, I'auly, 
|l lesteit at the Astroiihysical 01)aervator}' of Heideltjerg. 
Imposed of two lenses, Ijut particulars of the two glasses 
are not given ; the article ileals only with reenlts. 
geotive had a clear aperture of '2\-2 cm., anil a focal 
l'445 cm.; so tlial its relative aperture was 1/21. It 
^ry Uttte al»()rption for visual rays, 
tromatic aherrations on the axis were determined by 
^tbod, descritieil in Art. 61, the stars employed iMinff 
k, a A(iuilae. ami a Lyrae. The aberrations (per metre 
BDgth) are given in the coIuhid headetl " Pauly " in the 
(table, the focus of F lieing taken as the zero-point. 



■ 


Chrom. Aberr. per metre 
Fool LmgUi. 


1 '' 


ftiUy. 




^«90^ 


+ 0-02 mm. 


-010 mm. 


W-MO 

miBo 


-0-02 
-018 


-030 
-0« 


■ ■820 


0-00 


-0-28 


■ •466 


<i-Otl 


O-Oii 


ITo 


+ 116 


+ (»-92 
+ 1-96 



Ittding aberrations for the Berlin Kraunhofer 

I irfven for comparison. The chromatic alierratious 

f were (on principle) not sulitiacted. 

tove values, either taken as they stand, or plotted with 

) aliacissH, show that the secondary spectriim, from 

I a little beyond F, is practically abolished. As Wolf 

) new objective is wo much better than the old ones, 

nrison is out of the ipiestion. It practically focuses 

, rays in one jilane." Any i-emnant of uhriimatic 

! for visual i-ajf "can only Ite nieasureil by careful 

I with high powers." 

'2<>MrAr./. liutrnm.. Ill, I (189tl|. 
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And the advantage is not confined to spectrographic work. 
" Surprisingly beautiful were the perfectly colourless images of 
uioon-craters and sun-spots ; which possessed a quite unique 
chami, and, under a power of 825, showed unusual details." 

" On four evenings, in spite of rather stormy weather and 
unsteady air, the separating power of the new objective for close 
double-stars was tried. The following pairs were well separated -} 

i; Coronae, distance 0'''4 magnitudes 5 

ff 
>» 
f* 
ft 
ft 
ft 
tt 
»» 

the only one that gave any trouble being ^ Herculis. The pairs 
^ Bootis and 52 Arietis could not be separated. 

"The dififraction rings were beautifully shown. The discs 
were absolute circles,, and I found, with Dr. Schwassman's assist- 
ance, from numerous estimates aided by known distances of 
double stars," the following diameters of star discs : 

Stars of 6*^ magnitude. Diameter 0"*24. 
6i „ ., 0*'-24. 



jUj Bootis, , 


0"-9 


1 Coronae, , 


O'-S 


y Coronae, , 


O'^ 


X Cassiopeiae, , 


o'-e 


fi Cygni, 


2''-9 


^ Herculis, , 


c-s 


02 338, 


O'-? 


2 2695, 


0"-9 



5 


and 6 


7 


» 


8 


6 


)i 


7 


4 


rj 


7 


6 


»» 


6 


4 


»» 


5 


3 


tf 


7 


6i 


i> 


6i 


6 


II 


8 



tt 



tt 



8 



tt 



ft 



tt 



tt 



0"-15. 



These tests establish " the great superiority of the new 
objective, which combines the steadiness of the refractor \vith 
the colourlessness of the reflector." 

The surface of the glass showed itself to be " fully resisting 
and durable." 



64. Suppression of Residual Spectrum in Triple Objectiye. 

In the triple objective constnicted from H. I). Taylor's calculations 
by Cooke of York, achromatism is effected in the following way.* 

[^ Dawes' rule for the limit of separability gives 0"'55 as the limit for an aperture 
of 21 -2 cm.] 

'Improvements in compound object-glasses for telescopes, English Patent, 
No. 17994 (1893). 
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I.et the thicknesses and ilistancee of the three sinyrle lenees be 
small enough to perniit ihe use of the equaliim 

^=k(n-l)+k'{n'-l)+k'{7i,''-l, (1) 

whiuh is «n extension nf eijuation (1) of Art 18 from two lenses 
to tliree, k, if, 1^ denoting the total curvatures of the three lenses, 
n. «'. n" tlieir indices for any one vahie of X, and <p the reciprocal 
of the focal length of the syBteui fur this wave-length. 

M'hen \ chftugea from one given value to another, let the 
ipondinp changes of w, »', n" be i, &', i": then we have 

Change of 0=W+A:'^ + f 5". (2) 

|Kow introduce the condition 1" = ^; then we have 

^ = ft(7i-l)+A-'(n'-l+«--I) , (la) 

Change of ^ = *-^+fc'(*'+r). (2a) 

r(ln) applied to the U line gives 

^=tvA+*'(..'A'+i-"A'): (16> 

t if ^ is to l>e the same for (' as for F, (2a) gives 

= i-A+ft^(A'+A") (2/.) 

B nutation being that of Art. 1 8. 
I From (1ft) and (26) we olitain 

,^ t A' + A' 1 

d A (k'-^)A'+(/-^>A" 

f=^ 1 

3(,-'-v)A'+(/-v)A" 

luljatituting these values in tlie general equation (2a), we Hnd, 
Fcliiuigv from one arhttrary value of \ to another, 

wbich shows that <{> b independent of \ if, for all changes of X. 

^' + "^1 .1 » . 1 A' + A' . ^. . ..S' + S" 

■ lias the constant value ; m other words, if — . — 

A S 

I «i»y conKtant value tor all parts of the spectrum (since 
lA", A' are particular values of S, H'. &"). 




136 



J£NA GLASS. 



Calling the three lenses Z, L\ i", the expressions for h and V 
show that, if 1/ is the least of the three v v v, k is n^ative and 
k' positive; that is, L is concave and L and L" are convex, the 
total curvatures of the two latter being equal. 

Ohoice of Glasses. The three following glasses were chosen 
by Taylor as suited to his purpose : 

For Z, Borosilicate flint 0.658; A ='01089; v =50-2. 
„ Z', Baryta light flint 0. 543 ; A' = -01115 ; / = 50-6. 
„ L\ Silicate crown 0. 374 ; A" = -00844 ; ^ = 60-5. 

0. 658 is a glass replacing 0. 164, No. 25 in the list of Art. 17 
O. 543 is No. 58, and O. 374 is No. 47. 

How far the combination of these three glasses satisfies the 
theoretical condition of complete achromatism found above may 
be judged from a comparison of the last two columns of the 
following table : 



1 

Interval. 

1 


0.543 


0.374 


«' + r 

A' + A" 


d 
A 


\ 1 
CF 


•01115 


•00844 


1 


1 


A'C 


•00374 


•00296 


•3420 


•3425 


DF 


•00790 


•00593 


•7059 


•7052 


EF 


•00369 


•00274 


•3282 


•3278 


FO' 


•00650 


•00479 


•5763 


•5767 


FHi 


•01320 


•00976 


11730 


11745 



The dispersions UF and FH^^ have been calculated from Cauchy's 
ilispersion formula, and are subject to some uncertainty. 

The positions of the chromatic foci as calculated from the 
4laUi are: 

mm. per metre focal length. 

A' --107 

r 000 

D +150 

F +086 

F 000 

G' +-086 

If, +322 



PERFECTINa OF OPTICAL SYSTEMS. 

The reaiUting curve of focjil leugths has, like the curve (2) of 
Art. 1 9, the double bend churacteristic of a leititiry apectnim ; 
1ml the bends are inovetl higher up the spectmm, so that the 
triple nniou, inetead of exteudiDg from A U> F. extends from C 
Ui a little beyond G'. 

An Objective of 162 cm. Aperture and 274 cm. Focal 
iMngth is dest'ril)ed by Taylor in detiiil. It is composed as 



r 



i- 


I 


r 


r,'= + 10:i-7 cm. 


I-, - - 34-8 ct 


11. I," -23-9 1 


r,' - - :H-8 .. 


,-,= +23-^ ., 


r,- = ii-1 


Thicltuees 1-5 „ 


Tliickiiess 0;l „ 


ThiuknesB 1-5 


Distancea. 


L'L = 0-0 nini. 


/,r=0-2 mm. 



Thufl the negative lens is between the two [Mjaitive ones, the 
InryiA Hint being in front. The thicknessee given are for the 
centi-ee. There are only 4 different radii of curvatiu-a 

Among the special advantages of this conBtnietion, Taylor 
uientionB jiarticularly the getting rid of the chromatic remnant 
of spherical alwrration. 

The aperturr ratio is 1 IR. In smaller objectives it may be 
1/10, 

Taylor hIbo espounde<l the advant^es of his objective at a 
meeting of the Hoyal AstnmoniicAl Society,' and was able to 
announce that its actual jierforinance cf)n-esponded to theoretical 
expectation. The misgivings expreeseil at the meeting by Gnibb 
and Kauyard, as to the durability «f the lK>rosilicat« glass 
employed, were probably due t« their confounding it with borate 
Hint, which is not fitted Ui Iwar exiKisnre. 

6S. Two-part Oausaion Objective. The actual range of 
•lixtribution of the chromatic foci along the axis of an objective 
if not the some thing as the length of the secondary spectniui of 
that particular itone of the abjective which has been achromatised ; 
for if spherictil aberration is, as usual, corrected for only one 
fcur. the chromatic diflerenoe of spherical aberration will 
rially increaae tlie length. In the objective which l<eaw 
w' name, spherical al>erration is theoraticuUy annulle<l for 
a colours. By this means the ilisplacement of the chromatic 
' nu Oiwrnuo'V, 17. I»S (I8M). 
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foci in passing from the centre to the edge of the objective can 
be practically abolished. Gauss' condition for obtaining thia 
result can be fulfilled, besides the three conditions of given focal 
length, achromatism, and spherical correction on the axis, when 
four refracting surfaces are disposable. The objective can 
accordingly be made of two uncemented or three cemented 
lenses. 

Objectives of the Gaussian construction have been calculated 
both by S. Czapski and by O. Lummer, consisting, in each case, 
of a positive lens of phosphate crown and a negative of silicate 
flint. The flint is placed in front, as the opposite arrangement 
would require excessively large external curvatures. 

Ozapski's Objective. Two objectives, made by Bamberg of 
Berlin from Czapski's calculations, were exhibited on the occasion 
of the Naturforscher meeting in Berlin (1886), and have been 
described by Kriiss^ from data furnished by Czapski. In his 
paper, from which all the details below are taken, the following 
indices are given for the crown lens L and the flint L\ 





A 


C 


D 


F 


O 


n 


1 -57036 1 -57342 
1-60682 i 1-61153 


1 -57605 
1-61558 


1-58226 
1-62540 


1-58725 
1*63350 



The values for the crown glass agree with those gi^ en for the 
heavy barium phosphate No. 3 of Art. 17. 
The dimensions of the objective are : 



Flint ri= - 226-0 mm. 


Thickness, flint 7'5 mm 


r2= - 400 


„ crown 12-0 „ 


Crown 7-3= -1256-0 „ 


Interval, 2-0 „ 


7-,= - 278-7 „ 


Aperture, 134 „ 



In the achromatising, C and F were united. The spherical 
aberration was corrected for D. 

The headings c, dy f in the following table denote the distances 
of the chromatic foci for C, D, F from the last face of the 
objective. They are given for three different narrow zones,. 

^ See page 60 of ** A comparative investigation of a number of objectives in 
which Gauss' condition is fulfilled"; ZeiUchr.f. Imtnim., 8. 7, 53, 83 (1888). 
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unely, the central zone, the marginal zone, and a zone # of the 
ay from centre to margin. 



Central lone 
Inteimediate zone 
M«:|{inal lone 



.c 



208509 mm. 
2085-96 „ 
2066-04 



*t 



d 



2085*51 mm. 

2085*38 

2085-46 



tt 



»» 



/ 



2085*94 mm. 
2085-82 „ 
2085-72 „ 



6 a 




Fig. 15 shows the curves of focal length plotted fn>ni these 
dues, the curve a being for the central zone, b for the inter- 
e<liate, and c for the marginal zone. The horizontal distances 
I the figure are 100 times the actual distances indicate<l by the 
,ble. The cunes bring out the following facts. 

For all colours l)etween C and D the central and marginal 
>ectra practically coincide. They begin to separate to a notice- 
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able extent, a little beyond D, and the separation increases as the 
wave-length diminishes, but only amounts to 0*22 mm. even 
s.tF. 

The imion of the spectrum of the intermediate zone with the 
central between G and D i& not so close. The separation in this 
case is greatest near D, but does not exceed about 0*13 mm. 
Beyond this, the spectrum of the intermediate zone approaches 
nearer to the central, and in doing so coincides at one point with 
the spectrum of the marginal zone. 

Assuming that the intermediate zone here chosen is that which 
diverges most widely from the central, we arrive at the result 
that the length of the secondary spectrum for the rays between 
C and Fy which for the central zone would be about 0*50 mm., 
is increased to about 0*70 (that is, by about 40 per cent) by 
chromatic difference of spherical aberration. As the foc€d length 
is about 2 m., the length of the spectrum per metre of focal 
length may be taken as 0*35 mm. 

It would be interesting to compare with these results the 
distances between the chromatic foci of a double objective, not 
fulfilling the Gauss condition, but having a short tertiary 
spectrum. Data for an exact comparison are wanting ; but some 
light is thrown on the matter by Wolf's report on the objective 
discussed in Art. 63. 

With the view of testing for spherical aberration, Fraunhofer's 
old method was employed of blocking out alternately the circum- 
ferential and the central part of the objective ; focussing on the 
moon in each case, and measuring the shift of the ocular by 
means of a microscope. From 24 readings so taken, a difference 
of '0006 of the focal length was deduced. As we may assume 
that the focussing in both cases was governed by rays l)etween 
C and F, it may be inferred that the length of the spectnmi 
composed of tjiese colours exceeded 0*6 mm. per metre of focal 
length, or was about double of the length computed for Czapski's 
objective. But as the determination was by practical trial in 
the one case, and by theoretical calculation in the other, the 
comparison is not entitled to much weight. 

Lnmmer's Objective. Lummer has remarked^ that objectives 
in which chromatic aberration is corrected by Gauss* method are 

1 Muthr-PouUlet, Lehrh. d, Phyttik., 9th ed., II. 1, 230 (1S97). The aberrations of 
the objective! here discoBsed are calculated by Lammer at p. 573 ei seq. 
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siiitublp for the colliinators and oljserving telescopes of liigh-claa* 
spectrometers;' as it is desiralile that the image of the slit 
Blionld he sbai-p for all colours simuItaueoiiBly. A spectrometer 
of precision, constructed by Wanechaff for the BeichsaiisCalt, 
has accordingly I>eeii titled with objectives of the Gauss type^ 
calculated by Liinimer and made by bambei^. Their Hint lens 
h' is uf silicate O.102, and their crown lens L of the glass S.41, 
which replaces the phosphate crowu S.40. They have the 
following indices: 





c 


D 


P 


U 


1 


i-«l»73 


I 00631 

i-etgan 


1-M113 
1662M 


1 -56076 
1-67475 



Tlte diuienaiuns are : 



Badii of cnrvktore. 

rj= — 93"27 mm. Thickness- 

r,= - 140-:i4 

rj= +1212-69 Interval, - 

r^= — 141'42 Aperture, - 



-Hint, ;{-6l29 mm. 
Crown. S-4193 

- 0-90a2 

- 50 



^p In the achromiitisation C anil G are united, and gphericaf 
aberration is annulled for the same two colours. 

The distances c. d, f, g of the f>x;i for f ', D, F, G from the back 
of the last lens are given in the following table, for five zones of 
the objective, from direct trigonometrical calculation. The isones- 
liuEDitcly narrow) are at the distnncee 0, 12-5. 17'68. 21'65, 
25 miD. from the axis : 



Dial>BM 

bwnuia. 




d 


/ 





17-68 
SI-«S 
88 


460-566 mm. 
■560 
■077 
■6M 

■«ai 


460-23Smni. 
■237 
■247 
■2IJ3 
■27« 


460-053 mtii. 
■063 
■072 
-063 
-OM 


460^S33iiim. 
-234 
■S48 
■657 
■«» 



iTb« ■peotrexttpa i> indebted to improved glaas-making, not oniy (or wcll- 
coTTSctcd aohromkliu objeetlvec, but *lao tor prianu of high iodcl and du|>ersioii 
with rsUtivclr high tnuiapftreDojr for vi«u»l and chemiratl niyi. 
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In each column the numbers increase, but only very slightly, as 
we pass from the centre to the circumferential zone ; the spherical 
aberration is therefore slightly overcorrected for all colours from 
(7 to (?. This practically means that spherical aberration is 
annulled for the visual rays. 

In fig. 16, which is drawn on the same scale as fig. 15, the 
focal curve for the central zone is marked a, and that for the 




Fin. h\. 



#cu'cumferential zone c; the curves for the intermediate zones 
Hie between these two. The length of the secondary spectrum 
.for the central zone is 0'503 mm.; and spherical aberration 
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ri the leiigtli by 0065 mm, (or IS per cent.), making 
568; whicli IB nt the rate of l-2;t mm, per metre of focal 



16. Objectives by Zeiss. Our iiuouition fmui Wolfe report 
(ArL 63) may be supplemented by the following iiifoimatioit 
taken from Zeiss' 1899 catalogue of astronomical objectivefi. 

The Mtronomical tleimrtnient, wlucJi is under M. I'aiily, ha» 
legarded the abolition of the secondary spectrum as ita most 
important problem. For this purpose, new silicate glasses of 
proved durability have been. produced. The similarity attained 
in mn of dispersion between crewfi and Hint, for the repon 
C to F. has been such as to reduce the secondarj' spectnmi to 

Elite remnant, s<i far as the visual range is concerned. 
second aim has been, to select, from the existing types of 
such as would pennit an increase of aperture ratio, 
e following items from the catalogue originated at the Jena 
works ; that is. were either invented there, or first made there in 
tbeir present shape. 

likonblet Apocbromatic ObjectlTes, witho\it secondaiy spee- 
^■D, fnim new clauses of n?ceiit years. The crown employed 
Hfanot always be prixluced <iuite fi-ee from strealciness : but the 
tittle that remains has no influence on the sharpness r>f ima^iEes. 
The aperture ratio is from 1/17 to 1/20. 

objectives are generally made with clear apertiu-e 
) mm. and focal length 85-900 cm. 

»-part Apocbromatic ObjectiTea (Kiinig'e) of one tiint 
) crowns ; ^,'iving no secondary spectrum. 

Aperture ratio, 1/10 Ut 1/1."». 
Clear aperture. 40-lHO mm. 
Focal length, 40-270 cm. 



D-part Telescopic Objectives, with secimilaiy siM.>L-trii 

.^jiorliirt- ratio, Ui 1,7. 
Clear aperture. 60-200 mm. 
Fm-Al length, 42-200 em. 
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Three-part Telescopic Objectives, with secondary spectrum. 

Aperture ratio, 1/4 to 1/6. 
Clear aperture, 20-150 mm. 
Focal length; 8-90 cm. 

Apochromatic -Aplanats (Harting's) for astrophotography, 
without secondary spectrum; field about 15°; of newly introduced 
glasses. 

Aperture ratio, to 1/8. 

Clear aperture, 60-180 mm. 

Focal length, 54-304 cm. 



CHAPTER VII. 



MECHANICAL PROPERTIES OF GLASS. 



67. The DeoBity, Strength, and Elasticity of glass have 
beeii investigated by Winkelmann and Sohott.' Their experi- 
meote were performec! upou 72 different kinds of glass; but in 
llie Rystem of ntiuiberiug which they employ, 13 glasses are 
doubly and 3 glaasea triply numbered, making 91 numbers in 
ull. In the following table these numbers are given in the 
columns headed \V. The lefthand portion of the table shows 



w. 


Trtdc No. 


W. 


Tr»de No. 


i 


Tr«dB No. 


1 


8. 1H5 


25 


0. 709 


59 


631" 


2 


8.2U5 


26 


0. 1571 


60 


0. KHS 


3 


172'" 


33 


0. 600 


61 


81'" 


4 


IM"' 


36 


K"' 


62 


73"' 


5 


802 


42 


0. 428 


63 


93"' 


e 


IB'" 


43 


456 


64 


«!'" 


7 


im'u 


46 


0. 470 


66 


R2'" 


H 


UIB 


47 


0.2164 


66 


87'" 


9 


a 201 


48 


0. 88S 


67 


83'" 


\0 


2»0 


49 


0. 627 


68 


102'" 


n 


«tt5 


60 


0. 165 


60 


B. 226 


la 


121 m 


51 


ib>" 


S3 


0. 137 


13 


8.206 


52 


0. 56 






u 


& SA 


53 


R 41 






IS 


1442 


54 


0. 527 






1« 


8, 120 


56 


0. lies 






17 


0.331 


66 


0. B62 






18 


S. 163 


57 


S. 139 






ai 


0.858 


58 


S. 67 







w. 



w. 



4 



e iboU qaot« u W., I. j W. and 8 



« Uie four followins Pspere, which k 
dSL.U.; W.,II. 

L. Wlnkelmum, Od tbe «p«ei6c be»ti of gUun of tilHoui oompoutionB. 
L Ph^ iwd Chtm., 49, 401 (1S93). 

. Winkelmuin aud O. Sohott. On thu elBiIialty and the tcmionkl uid 
(trength at variou* now glaucs, in their reUlion to chemical 
J.t. £1.697(1894). 

WInkdmaon and O. Schott. On thermal rtsialuice-t^oefficiFnU at 
» in thvlr relaliou b>Dhemical oompoaition : I.e. »1, 730(l(*94). 
., Winkelmaiin. On ths cQ«tlicieDt* of elaaticity of glasoei of various 
■itluv*, and their depcndenM on temperature : I.e. 61, 105 (1807). 
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the corresponding trade numbers of 50 of the glasses; and the 
right-hand portion is a list of duplicate numbers (including the 
triplicates 2, 5, and 13). 

For convenience of reference, we subjoin a complete table of 
the compositions of the 72 glasses. 



w. 


02 


o: 


O 


t 


% 

1 


o: 

< 


< 


1 


1 




1 


% 


$ 


o" 

« 

i 


1 




71-8 






22-4 








6-8 






_ 


2 


— . 


691 




— 


— 


18-0 


0-2 


4^7 


8-0 


— 


— 


.^_ 


— 


— 


3 


64-4 


120 






11-0 


4-5 


— 


— 


8-0 






.^_ 


— 


01 


4 


55-0 




—. 


— — 


—. 


17-0 






14-0 


14-0 


— 


— 


— 


— 


5 


71-0 


140 


—. 


— 


— 


6-0 




— 


10-0 


— 


— 


.^_ 


~— 


— 


6 


67-3 


20 


7 




— 


2-6 


— 




14-0 


— 


— 


7-0 


—— 


0-2 


7 


73-8 


— 


5-0 


— 


— 


3-6 






10-6 


^-. 


— 


7-0 


~^-. 


0-2 


8 


67-9 




5-8 


81 




1-0 


0-3 


._ 


16-8 


.— 


— > 


^-. 


— 


0-1 





— 


3-0 


— . 




4-0 


10-0 


0-5 


— . 


— 


120 


— 




70-6 


— 


10 


687 




— . 


— 




— 


0-3 


— 


— 


33 


~- 


8-0 


— 


— 


11 




410 


69-0 




— . 


— 




— 


— 


— 


-~~. 


^~ 


-^ 


— 


12 


61-3 


14-0 


6-0 


— 


— 


4-6 


0-2 


25-0 




.^_ 


— 


•_ 


~— 


— 


13 




30 


— 


—~ 


— 


8-0 


1-6 


28-0 


— 


— 


— 


— 


6a*6 


— 


14 




3-0 


— 


— 


— 


1-6 


1-5 


38 


— 


__ — 


^_ 


66-0 


— 


15 


34-2 


10-2 


7-8 


— 


— 


6-0 


0-7 


42-1 


— 




~. 


— 


— 


16 




42-8 




62-0 


— 


5-0 


0-2 




— 


_ 


— _ 


^~ 


— > 


— 


17 


46-22 


— . 


-_ 


460 




— 


0-2 


_ 


1-0 


7-6 


— 


^_ 


—— 


0-08 


18 


22-0 






78-0 




— 


— 


_ 




. 


~ 


...• 


'— ' 


— 


20 


20 




— 


80-0 


^^ 


_— 


.— 


— 


— 




— . 


— 




.1^ 


21 


32-75 


310 


— 


25 


— 


7 


0-25 




1-0 


3-0 




— 


-^ 


— 


23 


34-5 


101 


7-8 






50 


0-5 


42-0 







— 


_- 




01 


24 


44-2 


— 


— 


47 


— 


— 


0-2 




0-5 


8-0 


— 


... 


~— 


01 


25 


70-6 




120 






— 


0-4 


-^ 


17-0 


~—. 


— 


_. 


~^ 


— 


26 


410 


— 




51-7 






0-2 


— 




7-0 


— • 


^. 


-^ 


01 


27 




3 




— 


4-0 


100 


1-6 




-^ 


120 


— 


.^_ 


69-5 


— 


28 


64-6 


2-7 


2-0 


— 


.— 




0*4 


10-2 


5-0 


16-0 






— 


01 


32 


64-8 


— 


17 


— 




— 


0-2 






28-0 


— 


— 




— 


33 


29-3 


— 




67-5 




— 


0-2 


m 




3-0 




— 


— . 


— 


34 


70-2 


12 


— 


— 


3*0 


4-6 






10-3 




— 


— 


_ 


— 


-36 


72-0 


120 






— 


6-0 


— 





110 


_ 


.^_ 




.m^ 


— 


42 




560 




32 




120 


— 







— 


— 




.^_ 


^^ 


43 




64-0 








300 


— 




— 


— 


6-0 






— 


46 


45-2 




— 


46-4 




0-5 


0-2 




0-2 


7-5 


—. 




— 


— 


47 


54-3 


1-5 




33 






0-2 




3-0 


8-0 










48 


48-8 


30 


10-3 


— 


— 




0-4 


29-0 


1-0 


7-5 




—. 


— 


— 


49 


68-3 


100 


20 


— 


— 




0-2 


— 


100 


9-5 




__ 


.^_ 




50 


28-4 




— 


69-0 






01 


•.— 


— 


2-5 




_. 


_ 


— 


52 


69 1 


2-5 




— 


— 




0-4 




4-0 


16-0 


— 


8-0 




— 


54 


51-7 


— . 


7 


100 


— 


— 


0-3 


20-0 


1-5 


9-5 


— 


__ 




— 


55 


68-2 




2 


131 


— 




0-2 


— 


16-5 


— 


— 




_ 


— 


56 


68-1 


3-5 


7 




— 




0-4 




5-0 


16-0 




.^_ 


^_ 


— 


57 


.— 


3 






40 


100 


0-5 




— 


120 






70-6 


— 


59 


73-2 


— . 


— 


.— 




— 


0-3 


— 


18-5 


— 


— 


8-0 


—. 


■— 


60 


65-5 


2-5 


20 


— 


— 




0-4 


9-6 


5 


15-0 






_ 




61 


64-3 




— 


— 


— 


1-5 


0-2 


— 


3-0 


200 


— 


11-0 


_ 


._ 


62 


71-7 


— 


— 




—— 


20 


0-3 


— 


100 


13-0 




3-0 


—m. 


— . 


63 


54-8 


~- 


— 


25-0 


— 2-5 


0-2 




6 


11-6 


— 


— 





— 



MECHANICAL PROPERTIES OF GLASS. 



w. 


i 


i 


1 


1 


% 

3 


1 


I 


% 


J 


& 


^ 
S 


s 


& 


1 


«< 


m-7 










0-3 






25'0 




5-0 






» 


04-8 










a a 


0-2 




90 


150 




911 






«e 


58-8 




8-0 


8-0 




40 


0-2 




100 


14-0 










«7 


4S-0 






34-0 




4-0 






ICO 


11-0 










6S 


(?;■« 




5-0 






IZ'O 






13-<i 


13-0 










«0 


21 -O 






79-0 






















7« 


51-0 




12fl 










3-0 




32-0 










72 


ffi'l 






46-4 










U'6 


U-8 










78 




6»» 








18-0 




50 


8-0 












74 


40 


U-5 


120 


11-5 




14-0 








4-0 










7« 


36-S 


29-0 




M-tl 




9-0 






0-5 


1-0 










77 


esfl 


2-5 


2 










9-6 


511 


ISO 










78 


«7-4 




3I( 


mt 










16-0 












79 


THI 




12-0 












17-0 












81 


«7-» 




3-8 


8-0 




1-0 


0-3 




16-6 












ft! 


01 -e 










150 


0-3 




23-0 










01 


83 


7l>-6 












0-3 




2« 


16-0 




11-0 




0-1 


S4 


87-7 


e-0 


U-O 




5-0 




0-3 




ino 












sn 


481 


4 3 


101 








0'4 


28-3 


10 


7-fi 








01 


M 


H-2 


1-5 




33 






0-2 




8-0 


8-0 








0-1 


■ EK? 


10-0 


S-0 








0-2 




lU-O 


9-6 










^B« 


7-5 










0-2 




S-3 


U-6 




2-0 




01 


^B<> 


s-s 










O'C 




4-0 


16-0 




8-0 






^^ 


e-o 




2-5 




2-5 


0-4 




7-0 


18-0 










^ 


— 


- 


- 


- 


- 


0-3 


- 


B-li|IMt 


- 


5-0 


- 


01 



68. Density of Glass as dependent on Chemical Com- 
position. Let aj, (ij, (t, ... deaote tJie percentages of the several 
oxides of which a glass is coniposed, and ^^, z^ z, ... the 
ilt>tuiitic« lo 1h! attribiitvd to theiu in the gloss. Then, by addiiig 

a partial volnmes. we have 



?+r+?+ 



.s ' 



• d) 



loting the actual density of the glass. As might have been 
Kbed d priori, the ({uantitiea z^, :,, z, ••■ are by no means 
tieal with Llie densities of the seitarate oxides tjefore 
latioii. If these Imter are put in place of :,, z^, z, ,.,, 
' will give too amalJ a value of S. The total volume is 
nrore diminislKMl by tlie iict of combination.' 
The ((iieetioti arises whether one and the same oxide has 
always one and the same value of ; in whatever mixture it 
ocoura. If so, ttie values of : for the different oxides can easily 
i« tleduoed from obeervatione on properly selected glasses, and 
will enable us to compute the densities "f other glasses, old or 
■W. Hid 8., n. 741, 
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new. This supposition is not rigorously fulfilled. Winkelmann 
and Schott have, however, shown ^ that the subjoined values for 
twelve of the oxides fulfil it approximately. When these 
values are employed to compute the densities of the 20 glasses 
numbered 19 to 38, neglecting the small amount of Mn^O, which 
some of them contain, the difference between computed and 
observed values is, on the average, only 1 J per cent., and amounts 
in only one case to 4 per cent. 



Oxide z 


Oxide z 


Oxide z 


Oxide z 


SiO,=2-3 
B,0, = l-9 
ZnO =6-9 


PbO =9-6 
MgO =3-8 
Al«0,=41 


A»jO.=41 
BaO =7-0 
Na,0=2-6 


K,0 =2-8 
CaO =3-3 
P,0,=2-55 



When we go outside these 20 glasses which were employed 
in determining the values of z, we find, in most cases, a fair 
agreement. The following list of observed and computed values 
includes, along with these 20 glasses, nine others whose densities 
are given in an earlier paper by Winkelmann.^ Two of the latter 





Density. 


w. 


ObB. 


Comp. 
2-24 


Obs.— Comp. 


2=22 


2-243 


+ 01% 


3 


2-424 


2-42 


+ 0-2 


4 


2-480 


2-60 


- 4-8 


6 = 19 


2-370 


2-31 


+ 2-5 


6 = 38 


2-686 


2-62 


+ 2-5 


7=35 


2-479 


2-50 


- 0-8 


8=29 


2-629 


2-62 


+ 0-3 


9 


2-688 


2-69 


- 3-9 


10=30 


2-518 


2-51 


- 0-3 


11 


3-627 


3-17 


+ 101 


12=37 


2-848 


2-84 


+ 0-3 


13 = 31 


3-070 


3-20 


- 4-2 


14 


3-238 


3-37 


- 4-1 


15 


3-532 


3-47 


+ 1-8 


16 


3-691 


3 42 


+ 7-3 


17 


3-578 


3-63 


- 1-6 


18 


5-831 


5-65 


+ 3-1 





Density. 


W. 


Obs. 
6-944 


Comp. 


Obe. — Comp. 


20 


6-87 


+ 1-2% 


21 


2-768 


2-75 


+0-3 


23 


3-632 


3-45 


+2-3 


24 


3-578 


3-66 


-2-2 


26 


2-672 


2-54 


+ 1-2 


26 


3-879 


3-88 


-0-0 


27 


2-588 


2-52 


+ 2-6 


28 


2-680 


2-57 


+0-4 


32 


2-668 


2-75 


-31 


33 


4-731 


4-78 


-1-0 


34 


2378 


2-34 


+ 1-6 


36 


2-370 


2-32 


+2-1 



W.c. 739. 



«W., 1.418. 



r 
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— Uie zinc borate Nn. 11 and the lead borate No. 16 — exhibit 
lar^ discrepancies. Water at 4° ie taken aa tlie unit of density. 
As the values of z for the glasfi-foniiiitg oxides are thus 
approximately constant over a wide range of conipoBitiun. it is 
natural to compare them with the densities of the oxides liefore 
combination. The qnotient of the former by the latter is given 
under the heading " Condensation " in the foUowing list : 
^H Deasity. CoaiienaBitioa. 



BaO 


500 


1-400 


n,o. 


1-46 


1-301 


MbO 


340 


1-118 _m 


I'A 


2:i8 


H 


a5,o. 


3-85 


1-065 ■ 


SiO, 


2-17 


1-OGO H 


K,0 


2-66 


1-053 ■ 


OaO 


316 


1-048 ■ 


ZnO 


5-65 


1-044 ■ 


PbO 


9-32 


1-030 ■ 


N.,0 


2-55 


1-020 ^t 


ABjO, 


409 


1-002 


Itariiuii-oxidu shows ^he 


largest increase of density (40 per cent.). 


ami arwnic peuuixide the smallest (02 


per cent). 



69. The Tenacity (tensile strength) was determined by Winkel- 
mfum and Scholt for 17 glasses, numbered 19 to 35 in 
Winktilmaiin's series ; the specimens I>eing square rods, of croas- 
sections ranging from lliio to I9"27 mm. The apparatus 
tinployotl was nio»lelled on tliat nsed by W. Voigt and A. Sella 
for oliAervatious on rock salt ;' hut the load (which often exceeded 
1 00 kg.) was applied, not by means of (lowing mercury, hut by 
we^;lits, Hud it was necessary 1ji employ an "arrester," by the 
lowering or raising of which the load could lie put on or off. 
Tho difitaDce fallen through when rapture occurred was only 
0:> mra. Half way up the rod, a shallow depression running 
all round it was pruduce<l by means of a grinding tool of 
■■ylindric-al fonn, and was afterwanls polinhed. As a result of 
this arrangement, combined with precautions for ensuring a 
tvntml poll, surfaees of rupture wore obtained, which showed, 
■ Oottincer Nutkriohten, No. 14, p. 4M [1892). 
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over nearly their whole area, the dull fibrous appearance 
indicative of tearing. The load was kept on for not more than 
40 seconds. If rupture did not occur, the arrester was raised 
till it took o£f the load; and the load was then increased by 
from 1 to 3 kg., and the arrester slowly lowered. This process 
was repeated till rupture occurred. The following table gives 
for each kind of glass the number of observations, the minimum, 
the mean, and the maximum. 





No. 

of 

Obs. 


Tenacity in kg/mm^ 




w. 


Observed. 


Calculated. 


Oba.— Calc 




Min. 


Mean 


Max. 


19=6 


5 


6-51 


6-76 


6-95 


7-76 


-11% 


20 


4 


2-90 


3-28 


3-53 


3-80 


- 8 


21 


9 


518 


5-66 


612 


5*99 


+ 2 


22=2 


5 


4-58 


4-93 


5-76 


5-79 


- 1 


23 


6 


6-78 


7-21 


7-62 


7-30 


+ 3 


24 


2 


5-95 


6-01 


607 


5-26 


+ 13 


25 


5 


7-00 


7-84 


8-61 


8*51 


± 


26 


5 


4-25 


4-67 


5-39 


6-06 


+ 6 


27 


2 


5-36 


5-46 


5 56 


611 


-10 


28 


3 


5-60 


6 09 


6-76 


7-07- 


- 5 


29 = 8 


4 


6-00 


6-42 


6-79 


7-59 


-12 


30=10 


3 


7-02 


7-52 


7-82 


7-22 


+ 8 


31 = 13 


5 


706 


7-42 


7-63 


6-60 


+ 15 


32 


3 


7-87 


8 09 


8-32 


7-75 


+ 7 


33 


4 


4-65 


4-97 


5-32 


4-36 


+ 18 


34 


3 


7-66 


7-92 


816 


7-56 


+ 7 


35 = 7 


4 


6-62 


7-46 


8-35 


919 


-10 



The errors in these observations arise partly from imperfect 
centring of the rods, and partly from superficial inequalities of 
condition, causing rupture to begin at a place of small resistance. 
Both sources of error make the result too small. We shall 
therefore adopt the maximum value as probably nearest to the 
truth. In two instances (26 and 35), the minimum is smaller 
by 2 1 per cent. ; and if we leave out of the calculation glasses 
24 and 27, for each of which there are only two observations, 
the difference is always, except in the case of 32, much more 
than 5 per cent. 



•. 
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[ SelatioD between Tenacity and Chemical Composition, 

B att«uipt was made to express tlio tenacity I' !>)- tht> formula 

Loj, a,, ... denoting the percent-B^eB of the several oxides in 
} total composition. The values adopteil for y were: 

y y y y 

f SiO, = 009 PbO =00:i5 As.Oj = 003 K.O=001 

B,O,= 0-065 MgO =001 EaO =005 CaO = 020 

' 2nO = 015 AIjO,= 005 Na,0 =002 I'jOj = 0075 

bj employing these, the values in the column headed 
|Caloidatetl " were obtained. The differenceB between these 
balat«d values and the observed maxima are, on the avert^. 
\ per cenL The order of tlie oxides, when arranged according 
» the vahieH of y, b^jinning with the lai-gest, is : CaO, ZnO, 
" PjO^. BjO,, BaO. AljOy A»p^, PbO, Na,0. K,0. MgO. 
e which stand first exert a favourable, those which stand last 
ft nnfavounible influence on tenacity. Some uncertainty attaches 
) the positions uf CnO, As^Oj, and MgO in the list, owing to the 
proportions of these oxidee contained in the glasses in 
estion. The quantity of Mn^O, ia so minute that no valne of y 
) been assi^ed to it. 

70. Resistance to Omshing. As a sequel to the obeerrations 
un tenacity, Witikelmann and Schott have investigated the 
resistance to crushing for the same 17 glasses, 19-35.' The 
force was applied by means of a press filled with oil, in whicfi the 
pressure could be gradually increased by screwing in a screw- 
plunger. The attached manometer indicated forces up to 50 kg. 
The specimens of glass tested were approximately cubes of ti mm. 
edge, and were squeezed lietween two metal plates with gradually 
increasing (jressure, till they flew into powder. Tlio rupture 
oocorred suddenly, with a loud report, and a Hash of light clearly 
Mwu in the dark. Preliminary trials sboweil that the greater 
nr less hardness of the metal plates largely intlueuced the results. 
OUm 19 lietwecn tin plates showed, in three experiments, a 
uiottii reeistanee of ^92 kg. per eq. mm, Between copper plates, 
it showed, in four experiments, a mean of 658. The tin 
' vr. u. S., L 720. 



152 



JENA GLASS. 



plates, when examined, showed deep depressions, in which linear 
elevations were noticeable. The metal had evidently been forced 
into small cracks produced in the glass by the pressure. The 
copper plates also showed the small elevations in the deep 
depressions, but not so distinctly as the tin plates. 

After this experience, hard steel plates 5 cm. square and 
1*5 cm. thick were employed. They were carefully ground 
smooth, and the glass was crushed between them. Even in these 
plates depressions were produced by the strongest glasses, 
necessitating frequent regrinding. Experiments made for the 
purpose showed that damaged surfaces gave too low values of 
resisting power. The following table shows for each glass the 
number of observations and their mean. 



w. 


No. 

of 

Obs. 


Resistance to Crushing 
in kg/mm' 


Obs.-Calc. 


Ratio to Tenacity. 




Obs. 


Calculated 


a 


b 


19=6 


4 


126-4 


110-9 


+ 12% 


18-7 


18-2 


20 


4 


60-6 


63-0 


- 4 


18*5 


17-2 


21 


4 


105-7 


88-2 


+ 17 


18-7 


1 17-3 


22=2 


5 


81-2 


88-1 


- 8 


16-5 


14-1 


23 


9 


84-0 


87-8 


- 6 


117 


11-2 


24 


5 


77-5 


77-9 


- 1 


12-9 


12-8 


25 


4 


97-8 


104-6 


- 7 


12-5 


11-5 


26 


4 


84-3 


76-8 


+ 10 


18-1 


15-6 


27 


4 


71-7 


720 


- 


131 


12-9 


28 


3 


91-6 


93-7 


- 2 


15-0 


13-6 


29=8 


5 


99-0 


102-3 


- 3 


15-4 


14-6 


30=10 


4 


68-3 


75-7 


-11 


9-1 


8-7 


31 = 13 


3 


75-0 


74-8 


+ 


10-1 


9-8 


32 


6 


73-9 


79-2 


- 7 


91 


8-9 


33 


4 


67-3 


68-8 


- 2 


13-5 


12-7 


34 


5 


99-3 


1111 


-12 


12-5 


12-2 


35=7 


4 


112-9 


105-2 


+ 7 


151 


13-5 



The results for one and the same glass often exhibited large 
diflferences. In the cases of 23 and 29, the minimum was about 
26 per cent, below the maximum. 

Glass 19 was also tried in smaller cubes of 4-5 mm. in the 
edge, and gave a mean resistance of 11 5*3 kg. per sq. mm. It 
would therefore seem that the resistance per sq. mm. increases 
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what fta tlie section inci-uuses. The oljsevvations in the 
table nearly all relate to sections not very difierent from ^6 
t»[. turn. For glass 35 it was, however. 45 »]. mm., and for 
filass 34 it waa 50 8<|. mm. The comparability of the results is 
itiiii! sufficiently exact. 

Five other aiihstances were testetl in the same way, for the 
sake of comparison with the glasses, and gave the following 
resietancee ki cnishing : 

BUck Belgian marble, - - - 254 kg. per mm*. 

While Italian marble, - - - 71 

Saxon granite, - - - - - 191 

Brazilian agate, - - - -131-7 

(pressure parallel to asift, - 181-6 

perpendicular,, - 160*0 



Rock crj'fltal] ' 



Cast iron, aimiUrly treated, did not go to pieces. When the 
pressure per sq. mm. exceeded 941, its sectional area was 
increase'l, and tiiia prevented increase of intensity of pressure. 

Relation between Resistance to Cmsliuig and Chemical 
OompoBition. The \-alue.s in the column headed " Calculated " 
were obtained by employing a linear formula (as in the ease of 
tenacity), with the following values of y: 





» 




y 


y 


y 


SiO, 


= 1-23 


P1.0 


= 0-48 


A8,O,.10 


K,0 = 005 


B,0, 


= l)-9 


MgO 


= 11 


IlaO = 005 


C«0 = 0-2 


Zi.(J 


-00 


A1.0, 


-10 


Na.0 - 002 


P,O,-0-76 



The next column gives the differences between the calculated 
and ohBer\-ed values, as percent^es of the observed. The average 
differeiice is 6-4. and the greatest 17 per cent. The arrangement 
in dcwendins order of y is : SiO^, MgO, .41,0,. Ab^Oj. B,0,, Vp^, 
BaO, ZnO, Na,0. PbO.'uO. K,0. 

ThB Batio to Tenaci^ is given by tw.i different mo<les of 
comptuison. Column a shows the i-atio of the mean values of 
the two kinds of resistance; column b the ratio of the mean 
valoo of rceistaDcu to crushing to the maximum value of tenacity. 
nbuMe of different composition exhibit very different ratioa. 

71. The few Earlier Obaervations on the Strength of 
Glass which are available a\c not uccompaiiied by any inforniu- 
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tion as to the chemical composition of the glasses to which they 
relate.^ For the sake of comparison, we will adduce the observa- 
tions of J. V. Kowalski.^ They were made on thin glass rods, 
" drawn from a melting which was free from bubbles, and then 
slowly and carefully cooled." Their section was found to be 
approximately an ellipse, with very small diflference between ita 
two axes. In a series of 30 experiments on tenacity, the 
maximum obtained was 8*981 kg. per sq. mm., the niinimiiin 
8*628, and the mean 8*767. In 14 experiments on resistance 
to crushing, the maximum did not exceed 42*063, and the mean 
was only 37*700. The circumstance "that v. Kowalski, in 
investigating resistance to crushing, placed the glass rods between 
two copper plates, does not seem suflScient to explain the small- 
ness of his values. The explanation is rather to be found in the 
fact that he appears to have only carried his pressure to the 
point at which the first fracture parallel to the direction of 
pressure occurred ; this being far below the pressure which would 
have produced complete disintegration.'* ^ 

Observations were also made by v. Kowalski on the resistance 
of glass rods to flexure and torsion. From 29 observations on 
flexure, it was inferred that the tension on the convex side of the 
bent rod had the mean value 8*794 kg. per sq. mm. Strength 
to resist torsion was tested by 33 experiments. The greatest 
tension occurs at the ends of the axis minor of the elliptic 
section, and is inclined at 45° to the length of the rod. The 
mean value found for this greatest tension was 10*142. Finally, 
for each kind of test the greatest linear extension was calculated. 
In the experiments on direct pull, this was in the direction of 
the length. When the rod is supported on two knife-edges and 
loaded in the middle, the greatest extension is at the lowest 
point, and is parallel to the length. In torsion it has the 
direction and position indicated above. Lastly, in end pressure, 
it is perpendicular to the pressure. The values found were : 

In simple pull, - - - - 0*00131 

In bending, - - - - "00132 

In toi*sion, - . - . *00183 

In end pressure, - - - "00129 

» W. and Sch., I. 697 tt stq, ^ Ann. d. Phys, u. Chem,, 36, 307 (18S7). 

» W. and Sch., I. 727. 
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Btetenaion by Wtrsioii than by pull or bentiin^ or end j)rea8ure.' 
Tailing: off of Strenerth at Higher Temperature. A later 
oouimmiicat.iuri Ky v. Kuwalski coiitams 'il^ervatinns on the 
llcxiiral and torwifual strength of ylass at higher teiu]>eratiire3.* 
Tlie inat^sri&l was the eame as in the previous experiments. The 
flexural experiments gave the following means, each derived from 
-IB observations: 



T»,p. 






Greatest extension. 


IS- 


8-794 kg./mni 




0-O0U2 


100 


8701 




-00145 


IBO 


8-()39 




-00166 


200 


8-604 




■00162 


''The toraional 


experiiuents gave 


the 


following means, each 


irivtjd frum 1 1 observations : 






Toinp. 


Greatest teuiun. 




Greatest extension. 


12 


10-142 kg/inur 




0-001837 


78 


9-182 




-001872 


100 


9-006 




-001001 



[72. Toonjf's Hodulas of Elasticity. The first systematic 

stigatiou of the elasticity' cf tilaas was made by Winkelmann 

uut Schott,* wlio determined the valnea of this citeflicient for 

19 difTereut kinds of glass, 19-29 and 31-38. In the case of 

Uie first 16 ^hisses, 19-29 and 31-35, the values were dediiced 

from o1«ervalions of flexure. 

When a rod of rectangular section is supporteil on two fixed 

knife-edges anti loaded in the middle, its two ends turn in 

opposite ilirectiona throi^h the same angle <p. If this angle is 

observed, the coeflioieut of elasticity £ (Young's modulus) is given 

by thw formula 3 /» p 
■' Ji=-l'^±- (1) 

I denutta^ distance l>etween knife-edges, a depth of section, 
h breadth of section, and P the load. For the determination 

' Th« ehuige in h luikll cuperficisl element of ft rml under lonlon U a rimple 
•Iwu'. wbloh ii mulit up of kd eitension in oae JirectioD ami > comprcMion in « 
perpandieolu- direotloii. rnuh of tbese directioiu being inclined *t K' tn the kiib 
nl the rod, aail pknlUl to the t«iig«it pUne, The compreMion tendi to prerent 
the rnptur* clae to tbe aitanaiaii- — J. D. E. 

'Ana. Hfr Phy. u. Chem., 39, 155 (1690). 'IV. iLSch.. 1. TOO. 
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of <f)y the following method has been indicated by A. Konig.^ 
The two ends of the rod carry two mirrors B, C, whose planes are 
nearly vertical, but face slightly upwards. A ray from a point E 




Fio. 17. 



of a distant scale is reflected from C to B, and thence into an 
observing telescope. When the rod is bent by putting on the 
load, a displacement of the point E on the scale is observed in 
the telescope. Calling this displacement v, it can be shown that 
(putting D ior AC and d for BCf) 

i; = 2)tana-Dtan(a-4^)+dtan2^, (2) 

a denoting the inclination of C£ to the horizontal line CBA, 
Since 4(f) is small, (2) can be written 

v=4f<p(Dsec^a + id); (2a) 

which, when a is small, gives 

v = 4<p(D+^d); (3) 

and this, combined with (1), gives 

^=3(Z)+U)^^ (4) 

This method of Konig's required a greater length of rod than 
was available for some of the glasses. It was accordingly 
modified on the plan sketched in fig. 18; the course of the twice 




Fi<;. 18. 



reflected ray being in a horizontal or nearly horizontal plane 
instead of in a vertical plane as in fig. 17. The effective rays 

K4nn. Phy,^. Chem,, 28, 108 (1886); also Kohlrausch, PttOrf. PAy«tib,,35, II.; 
and Winkelmann, Handb, d, PAy^., L 263. 
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from the point A of the scale pasaeii juat clear of the mirror B on 
their way to C. The two minors were approximately parallel, 
RBd tlieir normals were inclined at about 4° to the incident and 
reflected rays. The angle marked ^ was therefore ahoiit 86"; 
and this obliquity was allowed for by employing, in eijuation (3), 
the oorrecteil value vj&va /S instead of the obaerved deflection v. 
Etjiiatioa (4) was thus reduced to the mollified tomi 

.<i\ ^^ ^ ■ a 



E= 



K-^t) 



The most important source of error is inexact measuiement of 
the ileplh a of the croas section of the rod; for this factor occurs 
in the third power. It was measureii, for each rod, in 15 places 
miifonuly distributetl over the surface, with the help of Abbe'a 
callipers. In calculating the mean, double weight was assigned 
to the three measurements made at the middle of the rod. If 
w** assume that, in cases in which the single measurements have 
differences of O'l mm., the calculated mean value of o is affected 
with an ern>r of 02 mm., this will involve an error of 2 per cent, 
in the coellicient of elasticity, seeing that a is alxiut 'S mm. 

Of the three remaining glasses, 36, :17, 38, the first two could 
nut lje obtained in the form of rods, and were examined by 
Kundt's method for determining the velocity of sound.' The third 
(normal thermometer glass) was examineil both by this method 
and by ohBervations of flexui-e. 

A second iuvestigatii)n was carried out by Winkelmann at a 
later date, its cliief object l^eing to ascertain how the elasticity 
altera with rising temperature. The first series of oiiservatiuns' 
were taken at onlinary temperatures, and are comparable with 
those mentioned above. ITiey includeil 2^! kinds of glass, namely 
19-38. omitting 20. 24, 27. 36. 37 ; and in addition, 84-91. In 
the oltttervationa at higher temperalures, a different arrangement 



r^c 



Fra, 10, 

wu adopted, the two mirrors being replaced by two isosceles 
t%ht-«ngled prisms. C and B (tig. 19) having their edges vertical. 
Tlie ray from the si«le at A is fiair times totally reflected in a 
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horizontal plane, and the last part of its course is nearly parallel 
to the first. In the calculation of the elasticity, equation (4) is 
applicable, for a in (2) is zero. 

The results of the two invest^tions are combined in the 
following table, under the headings JFj, E^ respectively : 



w. 


^1 


E^ 


W. 


El 


E^ 


19=5 


7296 kg/min« 


7563 kg/mm' 


33 


5512 kg/mm^ 


6477 kg/mm* 


20 


5088 


— 


34 


7001 


7180 


21 


5474 


5468 


35=7 


7077 


7314 


22=2 


4699 


4906 


36 


7280 


— 


23 


7952 


7992 


37=12 


7232 




i24 


5389 




38 = 6 


7340 


7465 


^ 


6498 


6766 


84 


— 


7401 


26 


5467 


5461 


85 


— 


7416 


27 


6780 


— 


86 


— 


6097 


28 


6626 


6599 


87 


— 


7971 


29=8 


6514 


6638 


88 


— 


7461 


30=10 


— 


6014 


89 




7186 


31 = 13 


6296 


6373 


90 


— 


6338 


32 


5862 


5843 


91 


— 


6572 



The dimensions of the rods are not stated in the table. For the 
columns headed E^ the depth a of the cross section was between 
2'695 and 4"335 mm., and the breadth h between 9*269 and 
16*384 mm. The means were (in round numbers) a=3 mm., 
' A = 1 5 mm. For the rods to which the columns E^ relate, a was 
between 3*176 and 4*044 mm., h between 8*484 and 16*091mm. 
The means in round numbers were a= 3*5 and 6=15 mm. 

In several instances, the values under E^ and E^ for one and 
the same glass dififer considerably. These differences are explained 
by the following considerations : 

It is not improbable that the uncertainty in the value of a 
may produce a maximum error of 2 per cent. 

The glass 19 was from two different meltings in the two cases, 
and it is possible that its actual composition was slightly different, 
especially as regards boric acid. The glass 22 was also from two 
different meltings. Glasses 34 and 35 showed the presence of 
stresses, and these have a considerable influence on elasticity. 
Glass 38 contained layers of bubbles, and therefore was not 
completely homogeneous. 
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Bdence of Elasticity on Chemical Composition, 'llie 

was HMuic, as iu iIip t'Jise of otlier pro]jerties previously 

, It} expresa the elasticity (Young's modulus) by tlie 

JF = ff,j:^ + n^-, + «,a>,+ etc., 
,. being tbe percentages of the several ingredients of 
It was found that the 19 values (^veu under the 
^, were represented in a satisfactory way by giving .c 
iwiog T&lues : ' 

X T. X X 

8iO, =65 PbO = 47 As,0,= 40 K^O = 71 
B,O3=20 MgO=600 BaO =100 CaO = 100 
■ZnO=15 Al,O^=160 Nap =100 P,Oj= 38 
attempt to calculate the elasticities of the additional 
Deluded in the second series, by the use of these numbers, 
very successful. 

der to obtain satisfactory agr^ment between formulae 
elasticities for all the glasses examined, Winkelmann ^ 
Uiem into three groups : A, B, C. Group A comprises 
i silicate glasses, which contain neither boric acid nor 
io acid, and are also free from baryta and magnesia. 
\ contains the lead-free borosilicates ; they are also free 
ihorie acid. Group C is composed of the remaining 
comprising borates, lead borosilicates, and phosi)hatfs. 
Icsponding values of x are given in the following table : 





ValDN of z for th« 


groop. 




A 


B 


C 


Lho^ 


70 


70 


70 




— 


60 


25 


IsnO 


OS 


100 


_ 


Ino 


46 


- 


S6 


ImbO 


— 


40 


30 


|a^ 


\m 


IWl 


130 




« 


«) 


40 


KS* 


_ 


70 


30 


Hk' 


ei 


loo 


70 


^SD 


40 


70 


30 


CkO 


70 


70 


_ 


P.O. 


- 


- 


70 



'W. n. Sch.. L7n. 
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The values of Young's modulus, calculated by the help of tl 
numbers, are given side by side with the observed values in 
following table : 





Elasticity in kg pei 


•mm' 




Observed. 


Calculated. 


Obi.-Calc. 


Group A 








20 


5088 


5080 


+0% 


24 


5389 


5614 


-4 


25 


6632 


6619 


+0 


26 


5464 


5536 


-1 


29=8 


6576 


6644 


-1 


30=10 


6014 


6001 


+0 


32 


5852 


5848 


+ 


33 


5494 


5284 


+4 


35=7 


7195 


7186 


+ 


91 


6572 


6573 


-0 


Group 6 








19=5 


7563 


7560 


+0 


23 


7972 


7511 


+6 


28 


6613 


7164 


-8 


34 


7090 


7459 


-5 


36 


7260 


7610 


-5 


37 = 12 


7232 


7364 


-2 


38=6 


7402 


7796 


-4 


84 


7401 


7331 


+ 1 


85 


7416 


7269 


+ 2 


87 


7971 


7247 


+ 9 


88 


7461 


7071 


+ 5 


89 


7186 


7080 


+ 1 


Group C 








21 


5471 


5521 


-1 


22 = 2 


4802 


4776 


+ 1 


27 


6780 


6780 





31 = 13 


6334 


6180 


+ 2 


86 


6097 


6104 


-0 


90 


6338 


6363 


-0 



73. Elasticity of Glass at Higher Temperatures. 

already stated, Winkelmann extended his observations on g 
rods to higher temperatures.^ Of the 28 glasses mentioned 

iW.,II. 
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tiie preceiUiig article, 24 were subjected to this further test, 
four omitted being 20, 27, 36, 37. The determioationa 
carried as far as the tern pei-at urea at which the glasaea began 
to be plastic, tliat is, in the case of the least fusible, to nearly 
500^ 

For theee new observations, the apparatiiB previonely used was 
enclosed in a metal case, coiisiating of several biixee one within 
anotlier. and covered extemally with asbestos. Two brass tubes, 
closed at the ends by glass plates, were screwed into the walls ao 
as to give a view through the centre. The caae was heated by 
a ring of eight Bunseii buiners, and the gases from the flames 
streamed through the int«r8pace between the walla. The 
ten)i*T«tureB were indicated by two thermometers going through 
the lop walls of the case. They were of borosilicate glass 59'", 
and had lieen testeil ut the Reichsanstalt. Tlie lower parts of 
their tubes were graduated from — 10° to + 10°. Then followed 
a widening, and then a graduation from 180" to 550°. The 
portion from 200" downwards was within the case, and an 
auxiliary thermometer gave the temperature of the external 
portjon of the mercurial column. 

The ordinary silver-covered mirrors soon gave hazy images, in 
consequence of tlie heat to which they were exposed, and after 
n little while tjeeame quite useless. Their place was therefore 
supplied by two right-angled isosceles prisms, arranged as in 
Sg. 1 9. Very few kinds of glass were suitable cither for the 
prisms or the window plates ; most kinds becoming dull and 
ioflening at the high temperatures which were employed. The 
heavy liaryta glass No. 23 proved the best, and was generally 
irm ployed. 

When Che apparatus is set up as above described, and the 
•ilxtcrving telescope fooussed on the acale, the scale La seen out of 
focas after the temperature has risen : and sharpness can be 
restm^il by moving the scale further away. Winkelmann traced 
this effect to the action of the heat on the window platea 
which closed the ends of the two metal tulies. The tubes, 
becoming heated by the Hame-gasee, communicated heat to the 
glan plates, which thiiH liecame hotter at the circuniferencee 
, at the oentres. This difference of tenijierature acts in 
I ways. In the first place, it makes the plates thicker at 
I Utau ab Uie oeutres, so that Lhey are douUa- 



>Bt, the ^H 
* were ^^ 
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concave instead of plane. In the second place, the index, being 
greater for hot glass than for cold, increases from the centre 
outwards.^ Both actions make the plates act as diverging 
lenses (see Art. 29). Winkelmann shows, by calculation, that the 
diflFerences of temperature which would be required, according to 
this explanation, to produce the eflFect actually observed, are not 
greater than it is reasonable to assume. The correctness of the 
explanation was also confirmed by experiments separately per- 
formed on one of the view-tubes. 

If the flexure experiments at ordinary temperatures are first 
performed, no important after-eflFects are observed during their 
continuance or after their cessation. At high temperatures it is 
quite otherwise ; the scale continues to move across the field of 
the telescope for some minutes after putting on or taking off 
the load. This made it necessary to employ an assistant, with 
a lever arrangement by which he could put the weight on or off 
in a fraction of a second, the observer remaining all the time at 
the telescope. 

It was also necessary to attend to thermo-elastic after-eflfects. 
If a glass is first tested for elasticity at oi-dinary temperatures, 
and then raised to a high temperature, it exhibits, on its return 
to ordinary temperature, greater resistance to bending than before 
heating. If it only undergoes one such heating, the new and 
larger elasticity observed at orduiary temperatures changes in 
course of time. Several successive heatings and intervals of 
cooling are required before the elasticity becomes constant. In 
comparing elasticities at lower and higher temperatures, the 
heatings and coolings were continued to this point, and the 
constant results thus obtained were adopted. 

Statement of Results. Out of the 24 glasses which were 
tested in the manner above described, only nine showed a linear 
relation between elasticity and temperature ; in the rest elasticity 
diminished more quickly as the temperature rose. Winkelmann 
adopted, for the expression of his results, the formula 

^e = ^«>[l-a(<«20)^] (1) 

E^ denoting the elasticity at f. Equation (4) of Art. 72 gives 

^ For glass 23,. according to Reed's observations, no is 1 '60982 at 10* and 
1 -61 194 at 404*. Cf . Art. 28. 



Hi 
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^1^1 
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9^/v, ; hence we have ^^^| 


Ioga + ^log(/-20i=log(l-^) (2) ^H 


ing, in this e<|uation, the vahies of the dtsplaceroent v ^^^M 


iknd for two suitably selected higher values of t, two ^^^H 


. are obtained, from which a and can be deteriiiined. ^^^| 


iring table contains the resulta for the 24 glasBes; the ^^^| 


tan containing Winkelmaun's numerical designationB of ^^^H 


lea, and the last column the highest temperatures ^^H 


the glasses were heateil ; these leing the teraperatnrea ^^^| 


iu calculating the two constants. ^^^| 


^ 


log. 


U>gfi 


r^Z„ ■ 


i 7672 kg/mm" 


001760-9 


0-42810 


M 


sma 


OW239-1S 


070586 


^H 


\ S023 


014871 -4 





^H 


_ JUM 


O'3290B-5 


0-09364 


^H 


^V 


11-88662-13 


0-64253 


.13 ^H 


■P 


081 177-5 


006481 


^H 


IK 


049224-24 


0-94544 


^^^H 


am 


Oo7aifl - 4 





^H 


mtt 


WlOO- IS 


0-7l7l« 


^H 


» 61M 


9-8BS52-& 


011280 


^H 


1 6M1 


22967-6 


0-25523 


.12 ^H 


sms 


0' 19312 -4 


n 


4.7 ^H 


MM 


0-63418-8 


0-40114 


^H 


7W 


011394-0 


II 


>s ^m 


7«M 


0-54267 - 5 


0-06213 


^m 


T«M 


0-43533-6 


0-231 7S 


.26 ^H 


lan 


0-09160-11 


0-5fi261 


^H 


vat 


0-»2i!67-6 


fl-iesso 


^H 


0818 


0-97276-10 


0-49890 


^H 


BMO 


0-24797-4 





^H 


7»l 


0-3B218-4 


n 


.7> ^m 


72» 


036922-4 





^m 


— 


0-61S95-4 





^m 


tm 


0-«IfB3-4 





m 


tt» nlam of logo and logjS, Winkelmann deduced ^^^| 
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the values of 1 — EJE^ for certain values of ty as shown in the 
following table : 







(1 


- EtlE^) 100 




w. 


lotr 


200" 


300* 


400" 


500" 


19=6 


0-01 


Oil 


0*38 


0*85 


1-96 


21 


0-00 


0-08 


0-76 


3-61 




22=2 


2^ 


6-06 


7-87 


— 


^ 1 


23 


0-49 


1*34 


2-32 


3-39 


4-53 


24 


002 


0-63 


4-37 


16-60 


— 


25 


1-32 


3-38 


6*66 


8-07 


— 


28 


000 


002 


118 


— 


— 


28 


3-01 


6-77 


10-63 


14-29 




29=8 


000 


014 


1-44 


7 05 


— 


30=10 


1-46 


416 


7-39 


10-97 


14-86 


31 = 13 


0-46 


1-94 


4-31 


7-46 


— 


32 


1-25 


2-81 


4-37 


5-93 


— 


33 


0-27 


2-06 


6-27 


— 


— 


34 


010 


0-23 


0-36 


0-49 


0-6i? 


36=7 


0-69 


1-86 


316 


4-67 


6-oa 


38=6 


0-60 


1*91 


417 


6-82 




84 


o-oi 


014 


0-67 


2-00 




86 


0-51 


1-67 


3-20 


5 01 


— 


86 


0-09 


1-22 


4-92 


— 




87 


1-42 


319 


4-96 


6-73 


— 


88 


1-80 


4 05 


6-30 


8-55 


10-80 


89 


1-87 


4-21 


6-55 


8-89 




90 


3-30 


7-43 


11-56 


15-69 


— 


91 


3-32 


7-47 


11-62 


15-76 





For glass 22 containing 69*1 per cent, of boric acid, and foi 
glasses 26, 33, 86 containing large proportions of lead oxide, nc 
values are given at 400°, because this temperature was too high 
for them. At 500° results are given for only the six glasses— 
19, 23, 30, 34, 35, 88. Most glasses soften or are on the point 
of softening at this temperature. 

Remarks on the Results. Write Q as an abbreviation foi 
1 —EJE^, so that equation (1) may be written 



Q=a(t^20y (3; 
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I6fi 



For nine of the ylaases 8 is unity, bw that at all temperatures 
above 20° the glaea of greater a has also the greater Q. These 
glasses, arranged in ascending order of a, are: '22, 28, 32, 34, 
S7. 88. 89, 90, 91. 

As regarils the inlluence of ^, let two glasses have the same 
value of Q at a particular temperature 6. Then, using the 
subscriple I and 2 to distinguish values for the two glasses, we 
hud, from (;!}, 

But (3) gives, by difierentiation, 



dl 



.,Q: 



hence, at the temperature 6 at which Q is the same for both, the 
gloss which has the greater has the greater dQjdt. At higher 
temperatures this glass will have the greater Q. and at lower 
t*'ijiiienitiire8 tlie smaller Q. 

Znflnence of Chemical CompoBition. No Hatisfactery results 
have Iteeu obtained in the attempt to express a and /3 as linear 
functions of the percentages of the several constituents. Taking, 
firat. the glasses for which /3 is unity, so that greater a means 
more rapid diminution of elasticity with rise of temperature ; if 
we exclude the borate glass 22 ami arrange the others in order 
*A ascending a, the last Ax of the series are borosilicates in which 
)>otash and soda are both present, namely, 87, 88, 89, 28, 90, 91. 
Taking account of tlieir varying percentages of boric acid, 
WinkeUiiiuui suggests that the simultanemis presence uf large 
amounts of soila and potash favours the change of elasticity witli 
temperature, but that the presence of bone acid along with them 
, liiiuls in the opjHtsite direction.' 

If the 15 glasses fur which fi is not unity are arranged iu 
mding order of jS, the series is: 25, .'l.l, 23, 30, 85, 38, 31, 
jp, 19, 8fi, 84, 24, 21, 29, 26. If arranged in descending order 
%a, tlic order is the same, except that glass 30 is second instead 
I fourth. This order of succession does not correspond to any 
L onler of chemical composition : for example, the only 
\ 18 number 31. The glasses which contain lead have 

'w. a, 181. 
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certainly the largest values of /8, but not in the order of their 
amounts of lead; for this would give the order: 29, 21, 86, 24, 
26, 33. Glass 90 is exceptional, for its /8 is unity ; but it only 
contains 2*5 per cent, of lead, 

74. Oorrection to be made for Thermal Expansion. Thus 
far the linear measurements a, b, I in the expression (4) for the 
elasticity (Art. 72) have been treated as constant; but they in 
fact change with temperature. Writing E' for corrected and 
E as before for uncorrected values, we have 

E,' E; l,^' a^^bt ^'^ 

The supporting knife-edges, whose distance is /, were portions of 
a massive apparatus of brass ; a and h are the depth and width 
of the glass rod. If a denote the coefficient of linear expansion 
for brass, and /8 for glass, equation (1) gives, to the first order of 
small quantities, 

|;^ = ^^[l+(2a-4/3)«] (2> 

According to the observations of Le Chatelier,^ the mean value 
of a between 0° and 40° is 0-0000186, and between 0° and 700' 
0-0000225. 

Assuming that the mean value of a from O'' to f is of the 
form A 4- Bty we deduce : 





Meau X 10'. 


0° to 100°, 


190 


200. 


195 


300, 


201 


400, 


207 


500, 


213 



For glass (kind not specified), Dulong and Petit ^ found, for 
the coefficient of cubic expansion 3/8, from 0° to f, the mean value 

0-0000251 + 10-11 6^52; 

^ Com. Ren,, 108, 1096 (1889) ; Beibliitter, 13, 644. 
« Winkelm., Handbuch, II. 2, 48. 
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the flxperimeiite yoing up to 300°. This would ^ive, foi 
cubical coefficient. 



' t« 100-. 
200, 
300. 
400, 
500. 



MeuKltF 
257 
275 
305 
347 
401 



These values of a : 
the valuers 



tid fi would (live, at the temi>orature t% 



' 


(Si. 


-^^X^io- 


100" 




+ 37 


200" 




+ 46 


300° 




- U 


400° 




-ine 


flOO" 




-545 



This would make the correction vanisli at some temperature 
between 200° ami 300°: at lower temperatures it would bo 
positive, and at higher negative. 

From equation (2) we easily deduce 

This eijiiution wmild serve for correcting the values given in 
the tahle of p. 164, if the coefticients of expansion of the difTerent 
glassm were kuowti. The correction has most intereflt in the ease 
of tbnoe glasses whioh show the Bmallesl dindnutioti of elasticity 
with riai* of temperature. Glasa 34 is the most market! example. 
am) « roiit;h calculation fur it has been made by Wjiiketmujin in 
the foUowinft way : 

From the cliemical composition of the glass, its coetticient of 
linear exjiansion hetween 0° and 100° has been comput«tl to be 
61 X 10 ^ Adoptinji tliis value for j9 and 186 x 10^^ for a. 
the value of 2a — 4/3 is 128 X 10"^ which, multiplied by 20, 
gives 256 x lO*. We have, accordingly, 

5' =|*^tl + C2«-4^)/-2.56x 10-^]. 
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Hence the following corrected values are found : 

Glass No. 34. 



t 


(1- 


- EJE^) . 


100 


(1-JK'/^„).100 


100' 




010 




-0-01 


200'* 




0-23 




-0-04 


300" 




0-36 




-0-09 


400' 




0-49 




-016 


500'' 




0-62 




-0-26 



The minus signs indicate that the elasticity increases with rise 
of temperature, but the calculation assumes fi to have the 
constant value 61 x 10'^ If the mean value of fi fi-om 0° to 
500° is greater than this by about 25 per cent, the elasticity at 
500° will be about equal to that at 20°. 

It therefore seems probable that for glass 34 the change of 
elasticity with temperature is scarcely sensible. The same remark 
applies to glass 19. For the other glasses, further knowledge of 
their expansions at high temperatures would be required before 
the correction could be made. 

75. Investigations on' the Hardness of Olass, and on 

properties associated with hardness, have been published by 
F. Auerbach.^ His observations extend to 14 glasses, and to 
various other substances, ranging over the whole of Mohs' scale 
with the exception of diamond and talc. The chemical com- 
positions of these glasses, except No. 11, are given in the 
following table : 



* See the following papers : 

I. Absolute measurement of hardness. Odtting. Nachr., 6 Dec. 1890. 
II. Same title, Aun, d. Phys. u, Chem., 43, 61 (1891). 

III. Hardness, brittleness, and plasticity. Verhandl. d. Ges. deiUsch. 

NcUurf, u. Aerzte. 1891. 

IV. On the measurement of hardness, especially in plastic bodies. Ann, 

d, Phys. ?t. Chem., 45, 262 (1892). 

V. Plasticity and brittleness. Idem^ 45, 277 (1892). 

VI. Hardness and elastic qualities of glass, /d., 53, 1000 (1894). 
VII. Absolute scale of hardness, /rl, 58, 357 (1896). 
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Mri). 


w. 


f 


S 




1 


1 


1 


^ 






i 


£■ 


a 
o-i 
o-w 

0-1 
01 

0-1 


11 

I 

: m 

' IV 


33 

su 
5 

a 

33 
3 
21 

aa 

6 

10 

u 


M-0 
28-3 
70-2S 
20 -O 
71-0 
70-a 
M-5 

32-7 
41-0 

«7-3 
S8-7 


2S 

10-0 

Ut) 

101 
B9-I 

si-u 

2-0 
3-0 


12-0 
7-8 

7-0 


67 3 
80-0 

25-0 
at 7 


SO 

50 
18-0 
7-<) 

25 
8-0 


0-4 
0-3 
0-2 

0-4 

0-3 
IC3 
0-3 

- 

oa 

1-3 


420 
47 

28-0 


4-0 
10-0 
10-0 

17-0 

8-0 
l-(l 

14-0 


16-0 
3-0 
«-5 

3-0 
70 

33-0 


S'O 

7-0 
8-0 


eas 


lite first c()liinin contaiiiH Aiierlmch's uinnbei'iiig of the ttlos^ee ; 
thu i*ecou(I his pYevioua Tuinibering of the first fintr; tlie third 
the TOrrenpoii(liug uumliers in Winkeliiiftiui'H list (Art. 6T). As 
regards Auljerlnc-h's 4 and 8, they wei-e of the eaine compogition 
w> Winkelumiin's 20 ftini 2, hut were not from the same mtiftinga. 

No. 1 2 is th«rmomeU;r glmas (.leiiaer Xoniialitlivs). 

The most iiiii)ortaiit outcome nf Aiierhach'e work is its 
experimt-iital otitirmaUuii ami cumpletiuti of a Ihooi-etieol investi- 
gation hy H. Hertz' ''on the uimtact of elastic solids." The 
following is a sketch of the renulta of this theory, bo far as 
rwniire.! f.)r .mr i.iM-i««-e. 

76. Oontact of a Plane Glass Plate with a Qlaas Leos 
ItllCl«r Pressare, Hertx lUst^ussee the ^(Mieral (id»e nf two elastic 
isotr-tpjc li.Kii«2s exerting mutnal normal pressure over a small 
jLiva cjnimnii to InjIIi. An absence of tangential force is assumed. 
The inveatigationa reiaUi to the fnrni nf the surface of contact, 
the form and magnitude of its Ixiunding curve, and tiie distribu- 
^lion i>f the prfwnre. 

^1 'Joan./, d. nint ». a^gtvxiHdl, M'llhrmatH. 92. IM (18821. 
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The results are very simple for two bodies of exactly the 
same material, if the surface of one previous to contact is plane 
and that of the other spherical ; conditions which are practically 
fulfilled when a lens is pressed against a plate of the same glass. 
The siirface of contact in this case is a portion of a sphere, its 
radius of curvature f! being double that of the given sphere, 
that is, 

/»'=2/>. (I) 

p denoting the radius of curvature of the lens. 

The boundary of the surface of contact is, of course, a circle. 
Let d denote its diameter, p the amount of the mutual pressure 
of the lens and plate, m the value of "Poisson's ratio" (see 
Art. 85) and E that of Yoimg's modidus. Then d is determined 

ij^^^si, ,j> 

and the intensity of pressure at the middle point is 

v^-% ' « 

77. Oonfirmation of the Theory, and Oalculation of 
Indentation-Modulus. In the apparatus designed by Auerbach 
and made by Zeiss,^ a lens is pressed up by levers against 
a plate fixed in a horizontal position, and the surfewe of pres- 
sure is observed from above by means of a microscope with a 
micrometer eyepiece. The commencement of contact, before the 
pressure becomes sensible, is recognised by the first appearance 
of blackness in the centre of the interference rings. When 
pressure is applied, the surface of contact is seen as a round 
black spot — of size depending on the pressure. Simultaneous 
values of jp and rf can accordingly ]je observed. 

Equation (2) can be written in the form 

3? -1-^2' m; 

which implies that fpjd^ is constant for a given material when 
p, Py and d vary. This theoretical deduction obtained by Hertz 

^ The full description of the apparatas and observations is contained in paper» 
I. and II. 
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is abundantly confinned by Auerbach's experiments. The 
quotient pjd? was found to l)e in general constant for the same f> 
and to vary inversely as p. 

The following is a specimen^ of the results for glass 1, which 
is described as of medium hardness. The radius of curvature p 
of the lens was 10 mm. 



p- 


d. 






p/d?. 


2-2 kg. 


0-33 mm. 




62^1 kg/mm». 


3-5 


•39 






590 


5-4 


•45 






60-3 


7-4 


•50 






591 


9-3 


•54 






591 


13-3 


•62 






59-2 


15-2 


•63 






59-9 


16-4 


•67 






55-5 


18-9 


•69 






56-8 


311 


•82 






56-8 


31-6 


•82 






56^9 


36-5 


•87 






561 


44-6 


•91 






5 8^9 


The mean of the v 


ahies of pjiP is 


58-4 


kg- 


per square millimetre. 


"With varying v 


alues of p the 


following 


results \vei"e obtained 


for glass 1 : 


P 






PP 


P- 


cp- 






#■ 


3 mm 


195^4 kg/mm', 


1 


586 kg/mm«. 


5 


1149 






575 


10 


583 






583 


15 


38^3 






575 



The numbers in the last column agree fairly well, and their 
mean 580 is accordingly to be regarded as a constant l)elonging 
to this kind of glass.- 

Auerl)ach adopts as the measure of resistance to indent- 

1 — /u'* 



' I. 532 and II. 86 ; all results being reduced to the kg. and mm. 

'Anerbach, I. 633 and II. 88. A subsequent reoalculation gave a somewhat 
Uiger valne-see VI. 1003. 
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■ation, and calls it the indentation-modulus (Eindringangsmodul). 
He denotes it by the symbol JS'. We have, accordingly. 



E' 



E 



l-/u' 



(2) 



The values of this modulus for 14 glasses, as determined by 
Auerbach (VI. 1028), are given in the following table, together 
Avith the values of E and m. The values assigned to B are the 



A. 


W. 


E' 


E 


B'-E 


M 


1 


^__ 


\ 

1 

7107 kg/mm« 


— kg/mm^ 


-% 


_^ 


2 


33 


5871 


5494 


6-4 


0-25 


3 


— 


7869 


7461 


5-2 


0-23 


4 


30 


5588 


5088 


8-9 


0-30 


5 


5 


7599 


7296 


4-0 


0-20 


6 


25 


6796 


6632 


2-4 


016 


7 


23 


8192 


7972 


2-7 


016 


K 


2 


4975 


4802 


3-5 


019 


9 


21 


5677 


5471 


3-6 


019 


10 


26 


5953 


5464 


8-2 


0-29 


11 




7532 


1 


— 


— 


12 


6 


7792 


' 7402 


5-0 


0-22 


13 


10 


6197 


6014 


30 


017 


14 


13 


6811 


6334 


7 


0-26 



means of E^ and E^ (in the notation of Art. 72), except that, in 
the case of glass 5, E^ is adopted, because E^ was for a different 
melting. For glass 8, no determination of E was made; the 
value 7461 given in the table was obtained by Winkelmann for 
-a glass of nearly but not exactly similar composition. 

The differences between E' and E are given as percentages ot 
E\ in the column headed E' — E. 

Calculation of Poisson's Ratio. The numbers in the last 
column are the values of Poisson's ratio m, calculated from E' and 
E by means of equation (2). 

The probable errors in the values of E' average \ per cent., 
and never t[uite reach 1 per cent. Assuming the probable error 
of £^ to be i per cent, Auerbach deduces 7 per cent, as the 
probable limit of error for m (see Art. 85 for Straubel's deter- 
mination). 
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reHiiIlH establish the fact that ^ — the ratio of Iftt«rul 
Od to lougitudinal extensiiin under lungitiidinal (iidl — is- 
ferent for difTereiit glassen. The view that it liaa the 

value J for all homojieneouB isotTopic IwiiHes is therefore 
ntenalde.' 

fcw of Limiting PresBure. If the preiwure "f liw lens 
he plate, as described in the foregoing article, is gradually 
fly increased to a sufficient degree, the plale suddenly 
the crack being of circular form and concentric with the 
contact. Its dianiettr exceeds that of the circle of 
(y^-on the aven4[e — aI>out 1 9 per cent., for glasses of all 

ball denote by P the value of the total preeenre p at 
result occurs; we may call it the Ibnitiiig avwunt of 
Auerbach determined its value for the glasses 1-14, 
»ed at the simple law that, for a given niaterial, ths 
amouiU of preamre J* is proportwiuil to the radios of ] 
.^.80 that 



latant depending only on the material. This. 

which measures the resistance of the material U* 

Iby indentation, has not yet received a name. It may 

sion'ally called the fractwrf-moi/i'hts. The degree of 

E with which this law is fulfilled in the case of glass 1 

I in the following table; 

L 4-93 kg/mm. 

4-78 
10 r.04 

15 4-80 

is /" = 4-89 kg/mm. 

Swolnte Heasurement of HardnesB. Anerbach under- 

inveBtigalinns- for the e.\i>reMs purpose of obtaining 



IB mcaiuremeDta af hanlutiaa u 



a Auerb&ch, II. M. 
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absolute measurements of hardness. His method of experiment 
does not involve the properties of any material other than that 
whose hardness is in question. 

The direct data given by his experiments are : the indentation- 
modulus E\ and the fracture-modulus F\ The question arises: 
in what relation do these two constants stand to the property 
expressed by the name " hardness " ? The first experiment, made 
on the glasses 1, 2, 3, and rock crystal, sufficed to show that F 
was not identical with hardness; for glass 2, described by the 
makers as "soft," has a decidedly larger value of F* than 
1 and 3, of which the former was described as "of medium 
hardness," and the latter as " tolerably hard." ^ 

If a less hard body is able, with equal /o, to bear a greater 
amoimt of pressure P, the explanation which first suggests itself 
is that it spreads the pressure over a wider surface, and that the 
limiting value P^ of the intensity of pressure jp^ is the essential 
consideration. In fact, for equal p, the soft glass 2 bore the 
smallest P^, and the hard glass 3 the greatest. 

Hertz assumed d priori that the limiting intensity P^ at the 
<ientre of the pressure-area, when the limit of elasticity is reached, 
is a constant for the material, independent of p ; and he accord- 
ingly adopted this limiting value P^ as the measure of the hardness 
•of the material.^ The passing of the limit of elasticity is easily 
recognised, in brittle bodies, by the formation of a crack, as in 
Auerbach s experiments. In plastic bodies it would be necessary 
to determine the pressure at which permanent deformation begins. 

If Hertz's assumption were correct, P^ would be a definite 
function of jF' and F\ Introducing, in equations (2) and (3) of 
Art. 76, the limiting values P, P^, D of p, Pi, d, and employing 
.the law of limiting pressure, we obtain the three equations : 



V E' ' 



p 

^ Compare Auerbach's concluding remarks, I. 541 and II. 100. 

* Vtrh. d. Berl. phys. Ges. 1882, 67 ; Verh. d. Ver. z. Forder, cL OewerhJUisau^ 
n882, 441 ; Oesamm. Werke, 1, 174. 
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from which the three following are dmUicihle: 

P^jD = -sJ^ET- (1) 

Pj^ = i^|j5:'^f'^ (2) 

P,i/p = l^Jl£^: (3) 

/*, is therefore not a definite function of E' and F", and is not 
tlie sole determining element of hardnesB. 

The prolilein of olitaiuiiig, by fui-ther development of Hertz's 
theory, a iiHeful definition of Imrduees is aa yet unsolved. 

I*roce6ding empirically, und accepting P^ aa one determining 
element of hardness, equations (1), (2), (3) oft'er a choice tietween 

P,JD. P^^P. Pi^p. 

as measurea of hardneKS. Applying these to the three glasaea 
1. 2, 3, and observing that they depend respectively on E'F'. 
{ST)*, and E'^F'. we find tlia't the hardeet glass 3 has the 
largest E'E". hut the glass of intermediate hardness 1 has the 
ftriuUlHst. On the other hand, the largest value "f E'^F' Iwloiigs 
to the hardest glass :t, and the ainalleat value to the softest 
glaiw 2. 

It would therefore apjiear that the liaidness H is liest defined 
l>y the ei[uation 

H=P,;/p. {4) 

nd can tjo exi>erimeulally determinetl by the help of the eqiuitiou 

HT's H^^^^Ie-'F: (5) 

^^H Sf'^lluwing table contains (in the last coluiun) the values of 
^^H Sed by Auerbach from his ulieervations.' The glasses are 
^^K j^i^l ill ascending order of hardness, and the values of 

Bh, VI. 1014. 
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E' and F' from which H is derived are also given.^ The radii of 
curvature p of the lenses employed are also given. 





/> 


E' 


JT 


H 


No. 


iu mm. 


inJES, 
mm" 


inJEg. 
mm 


mm*'* 


10 


2,5,7 


5953 


3-0 


173 


4 


1,2,4 


5688 


4-1 


183 


2 


1. 4. 12 


6871 


6-6 


210 


14 


2,5 


6811 


4-6 


217 


8 


1.3,6 


4975 


8*8 


219 


1 


3, 5, 10, 15 


7107 


4-6 


223 


9 


3,5 


5677 


9-3 


244 


3 


4, 12, 30 


7869 


5-0 


246 


12 


2,5 


7792 


6*4 


266 


11 


2,5 


7632 


6-9 


267 


6 


1,3,9 


6796 


9-0 


272 


5 


1.6 


7699 


7-4 


274 


13 


2.6 


6197 


11-6 


278 


7 


1.3,5 


8192 


9-7 


316 



In connection with the definitions of hardness, it may be of 
interest to state that the arrangement of the glasses in ascending 
order of the product ET is: 10, 4, 14, 1, 2, 3, 8, 12, 11, 9, 5, 
6, 13, 7. 

The ratio of 173 to 316 is 1 to 1-83. The greatest hardness 
is accordingly not so much as double of the least. 

80. Experiments on Scratching. The comparative hardness 
of different bodies has hitherto been decided almost exclusively 
by the test of scratching. It was therefore important to ascertain 
how far this test agreed with the foregoing determinations. 
Auerbach accordingly carried out a series of experiments on the 
14 glasses in question in the following manner.^ 

Broken pieces of all the 14 glasses were provided, each having 
at least one point which appeared to be neither too blunt nor too 
fragile. The mode of experimenting was to make one of these 
points rest upon the plane surface of another kind of glass at an 

^ Auerbach does not state the values of F' ; they are deducible from fl and E* 
by equation (5). 

» Auerbach, VI. 1015. 
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iiiclination of alxmt tiOS and tbeii to move it under atrutig 
pressure. This was done with everj' gliiss wpon every other, tlio 
whole number of combinations being 14 X 1:^ = 182. 

It turned out that every glass was scratched by every other, 
even the haidest by the softest. lu order to decide l>etween 
two glasses, it was therefore uecesaary t« find wliich of them 
exhiMted the greater scratching power up<jn the other. With 
this view the scratelies were examined niider the microscope. 
Tliis showed not only quantitetive but qualitative distinctions. 
There were scj-atclies with lateral chipping, witli Iiiteral cracking, 
will] laternl splinteiing, with longitudinal cracking, with longi- 
tiKiinol splintering, with cavities leaf-shaped or shell -Bhai)ed or 
irregular. 

When no decided superiority in sfiratching-power was detected 
ill the comparison of two glasses, they were adjudged to lie 
equally hard, 

Out I'f the whole 91 comparisons of the glasses, two and two, 
(this being the nmnber of combinations of 14 things, two together";, 
there were IR departures from the order of relative hiirduess 
found &l>ove. They are exhibited Id the following list, in whicli 
the naniliers are those of the list in Art. 79. 

I 

^Bl 11 according to tliu values of H in Art. 79. 
^Bf «« attempt to arrange tliese glasses in the order uf their 
{BUctung powers, 4 is the softest, and 10 comes next. Hut 
tlutre are iticonsiBtencies whii-h render a continuous arrangement 
Thus we have 

2<H<;8, with 2 = 8, 

9< 1< 13, with 9=13, 

11 = 5; fi = 5, with 11>C; 

rse, 

7<II<^12.with7>ll 



10>4; 


2 = 8; I>9; 1-11; 


9=13; 


3 = 11; 3>C; 3.5; 


12>lli 


12>6; 12 = 13; 


11>6; 


11 = 5; llslS; 11>7; 


6-5; 


5>13; 5>-. 


iHcrepanc 


y is 1 1 > 7 ; fur 7 18 49 unite Iwirder 
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Active and Passive Scratching Hardness. With the help 
of microscopic examination, Auerbach distinguished 10 degrees of 
strength in the scratches. Numbering these from 1 to 10, 
1 being the weakest and 10 the strongest, he obtained a 
numerical value for the scratching power of each glass by adding 
the values of the scratches made by it upon the other 13. In 
like manner he obtained a numerical value for susceptibility to 
scratching by adding the values of the scratches made upon any 
one glass by the other 13. The results are shown in the 
following table, in which the top row contains the numbers of 
the glasses when arranged in order of their values of JST, beginning 
with the softest ; the second row contains their scratching powers, 
and the third row their susceptibility to scratching : 



10 


4 


2 


14 


8 


1 


9 


3 


12 


11 


6 


5 


13 


7 


17 


31 


36 


41 


45 


55 


53 


68 


64 


78 


63 


75 


66 


68 


82 


100 


79 


71 


60 


46 


51 


33 


32 


46 


45 


42 


48 


27 



There is no regular law of connection either between the first row 
and the other two, or between the last two rows themselves. 

81. The Absolute Hardness of Olass and its Chemical 
Composition. Auerbach made the attempt to express the 
" absolute hardness " of glass in terms of the percentages of its 
constituent oxides, in the same way in which other properties 
have been expressed (for example in Art. 69). 

Neglecting the small percentages of Asfi^ and MugOj contaiue<l 
in some of the glasses, he assigned to the 10 remaining oxides 
the following coefticients : 



SiO., = 8-32 


BaO =1-95 


BA = 0-75 


Na20= -2-65 


ZnO = 7-1 


K„0 =3-9 


rbO = 1-45 


CaO = - 6-3 


AljO, = 10-2 


PjOj =1-32 



^lultiplying the percentages given in Art. 75 by these coetficienti^, 
we obUiin the values headed " Calculated " in the following table. 
The differences between these and the " Observed " values are so 



t 
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large, especially in the case of the lead silicate glass 1 0, that the 
mutation faUs. 









Observed. 


CalcuUted. 


Oba.-CaIc. 


1 


aa3 


232 


- ■»% 


2 


•2W 


•207 


+ 1 


3 


246 


251 


- 2 


4 


1S3 


182 


+ 1 


S 


274 


270 


+ 1 


6 


272 


275 


- 1 


■ 


3l(i 


310 


+ 2 


a 


■21H 


22a 


~ 1 


9 


244 


24H 


- 2 


10 


173 


23S 


-SS 


ii 


267 


_ 


— 


12 


2Wl 


2t» 


+ IH 


13 


^8 


273 


+ 2 


u 


217 


2ltl 


+ 



82. Unequal Brittleness of different Glasses. If the experi- 
itieiital nit'thixl ileserilieil in Art. 7 7 is applied Uj plastic bodiee, 
for example, t^i ntck salt w Huorspar, the reaiilt of overstepping 
the elastic limit is not a crack, Iwt a permanent deformation— a 
depression in the plate and a flattening of the lenses. These 
jwnnunent effects increase Krailnally with increasing preseiire ; 
aiid it is impoeeihie to determine the exact pressure which 
curreKponds to the elastic limit. The limiting intensity of 
pressure is therefore not a suilahle criterion for the deter- 
mination of hardness in such hodiee. 

Wlien the inei^ease of pressure is carried beyond the elastic 
limit, equation (2) of iVrt. 76 no longer holds; thus Auerbach 
found, for n>ck salt and Ouorspar, that in a series of experimenta 
with given p the quotient p/d" did not remain constant, but 
is])idly docreascNl us the pressure increaseil bey<:>nd a certain 
U, however, tlie intensity of pressure in the centre of 

t preasure-area is calculated by equation (3), this ie found te 
) • maximum P, which remains constant as the pressure is 

llier incroaaed. In this case, then, we have 



P,= 



-Hm^. 
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The following values were found for fluorspar : ^ 

P A 

3 mm 73-7 kg/mm* 

5 61-4 

10 491 

For brittle as well as for plastic bodies, P^ can accordingly be 
defined as the limiting pressure-intensity in the centre of the 
pressure-area. 

This limiting value follows the same laws in the case of plastic 
as of brittle bodies, and the product P^^p is constant. Thus 
the above values give 

3 mm 106 kg mm"*" 

5 105 

10 106 

Auerbach accordingly defines the hardness H of plastic bodies 
(as well as of brittle bodies) by the equation 

H=p^irp. (1) 

and derives it from observations by the equation ^^ 

H=^^.\\m{^ (2) 

It is worthy of mention that the quantitative laws found h\ 
Auerbach for plastic minerals have been confirmed by observa- 
tions made by A. Foppl on a series of metals. The specimens 
had one side ground to a cylindrical form, and two of these 
cylindrical faces, laid across each other at right angles, were 
pressed together. In order to permit of subsequent measurement 
of the area of contact, one of the cylindrical surfaces was covered 
with a fine layer of soot. The pressure-area was found to vary 

1 Auerbach, IV. 268. 

^ Equation (2) of course holds also for brittle bodies. For these we have 

lim 



™(l)=^= 



but ^^^ limiting value D cannot be directly observed with certainty. On the 
other hand, for plastic bodies the indentation-modulus can only be determined by 
observations within the elastic limit. 
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Wtly as tiie total pressure ; the average intensity reniainet! 
refore naclmnged, that is. it attained its limiting mi^iiitude 
Isn early sta^e. The product of this iutensity and the cube 
t of the radius of the cylinder was found tn be cmistiuit for ii 
mi inetal.' 

iFlaeticity and brittleness may be regarded as two extreme 
piditions lietweeii which there is a continuous transition ; and 
Bspar seems to occupy an intermediate position.^ 
lieee properties may serve to throw light on some peculiar 
Ktfl exhibited by certain kinds of glafis. 
iOlassee 1, 8, 9, 13, l.'i, 14 gave constant values of p/d^ in all 
9 of experiments; and so did glasses 6, 7, 11, except that in 
b series this ipiotient diminished with increasing pressure. 
Oil the other hand, glasses 2, 4, 10 exhibited numerous and 
Bometiines quite lai^ departures from this rule. Take, for 
instance, the following data given'' hy Auerbach for glass 2, and 
ained with a lens of radius of curvature p = i mm. : 



3-43 


kg 


488 


kgmm"- 


179 kgnuu- 


4-41 




475 




. 191 


5-39 




426 




190 


7-35 




406 




203 


9-31 




417 




224 


11-27 




365 




219 


17-15 




299 




220 


1911 




283 




220 



uAb tiie pressure increases, the quotient p/tf shows large 
ninution. At tiie same time the total pressure increases far 
ffond the normal limit P= 0'6 kg., so that the law of limiting 
HBure is not fulfilled. These anomalies become intelligible, if 
) assume that the glass in question is less brittle than those 
ich exhibit normal behaviour. This view is borne out by the 
tahen in Uie last column. These are the values of the 
kOtity whose limit, as the pi-essure increases, is equal, by 

tAnii. it. Phy.. H. Ckfjn.. 50, 101 (ISBT). 
PCooipiu* Auarbach, [II. ami V. 

Plllt actiutl numbrn giv«ii in AuFrl>ach, VI. IKtI. are here reduce'! to the 
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equation (2), to the hardness H, in the case of a plastic body. 
This limit 220 is 5 per cent greater than the value of H for 
glass 2 in the table of Art.- 79. 

Specially noteworthy appearances were exhibited by glass 4, 
a lead-siUcate containing 80 per cent, of lead oxide, and distin- 
guished by its deep yellow colour. The crack did not, in most 
cases, occur suddenly in this glass, but was formed gradually in 
the same manner as in calcspar ; appearing first as a short line, 
which, as the pressure was increased, extended further, and finally 
formed a closed curve. In some cases it was not a decided crack 
that was seen, but what might rather be called fine furrows ; and 
in these cases the series of observations did not follow the 
ordinary law, but resembled those above described for glass 2 
The overstepping of the ordinary limit of pressure was the more 
easily obtained the more gradually the pressure was increased. 
The crack which at last occurred was then abnormally large, 
accompanied, however, by a concentric crack of normal size. In 
some cases it was found possible by means of a blow to produce 
three concentric cracks, the smallest of the three being of the 
normal size.^ These appearances may also be regarded as indica- 
tions of imperfect brittleness. 

83. Position of Olass in the Oeneral Scale of Hardness. 

Auerbach has extended his method of determination of absolute 
hardness to the minerals of Mohs* scale of hardness, with the 
exception of its two extreme members, talc and diamond.^ The 
results are collected in the following table, and as the materials 
are not isotropic, the direction of the pressure in the plate and 
lens is stated in each case. 

Direction. Hardness. 

Gypsum, - - Perpendicular to cleavage, - - 14 kg mm '^^. 

Rock salt, - - „ face of cube, - 20 

Calcspjir, - - „ cleavage, - - 92 

Fluorsjmr, - - „ octahedral face, 110 

Apatite, - - Along axis, 237 

Felspar (adular). Perpendicular to base, - - - 253 

Quartz, - - Along axis, 308 

To^>az, - - - Perpendicular to base, - - - 525 

Corundum, - Along axis, 1150 

^ Aaerbacb, n\ :?72 ; V. 290. « Auerbach, VH. 
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bse minerals, ci>runilum, topaz, quwU, anJ felspar are I 
gypBiim, rock salt, mid tJuompar plastic ; calcBpar and I 
imperfectly brittle. 

ording to these uumlierB, the boroeilicate crown glass 7 JB 
tboii quartz, and even the soft lead flint glasses are con- 
iy harder than fluorspar, Auerbacli has suggested filling 
gaps in the middle part of Mohs' scale by inserting 
wn of hanlness 274 l>etween ijuartz and febpar, and two "j 
t hardness 210 and 170 between apatite and fluorspar, 
attempt (Art. 81) to give a formula for calculating the | 
of glass from its chemical composition, Auerhach assigned 
acient :l-32 to SiOj and 101 t« Al^Oj. He calls 
to the agreement of these numbers when multiplied by 
|kb the hardness of quartz and corundum as given in the 
liBt,' eapecially in view of the fact that the maximum ■ 
^" of corundiun is for pressure in the direction of the axis, | 
hardness l«ing anniewhere about 100 nnits less. 

Belations between Hardneas and other Properties of 
Comparisons of the liardnees of glass with its tenacity, 
Itance to cntshing, and its mcMlulus of elasticity have not I 
|Dy distinct conolusioiifi.* Auerbach remarks that for the I 
irt Iiardness increases with resistance to cniahing and with 
I modulus. Tlie mean value of resistance to cntshing is 
tiie five soft glasses 10, 4, 2, 14, 8, and is 95 for the five 
The mean value oE Young's niodulua 
I tat the aix soft glasses 10. 4, 2, 14, 8, 1, and is 7198 j 
;«ight hard glasses 9, :t, 13, 11, 6, 5, 13, 7. 
ibach suspects a close relation between hardness and i 
ft ratio. He gives the following list of tlie values of tlia ] 
If, the Foissim ratio ju. and their product fiH: 



"Awerbich, VI. 1022. 10.11. 



No, 


n. 


10 


173 


4 


183 


2 


210 


14 


217 


8 


219 


9 


i'44 


bMh, Vli *M 


.odSBI 



184 
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No. 


H. 


M- 


M^. 


3 


246 


•23 


57 


12 


266 


•21 


54 


6 


272 


•21 


57 


5 


274 


•20 


55 


13 


278 


•17 


48 


7 


316 


•17 


54 



The last column shows that the product of fi and H for glass is 
approximately constant.^ 

Hertz has calculated,^ for the general case of two spheres 
pressed together, the diminution of distance between their 
undistorted portionp. For the case of a lens pressed fi^inst a 
plate, the general formula reduces to 

»4S <» 

g denoting the amount of approach in question.* Eliminating the 
diameter d by equation (2) of Art. 76, we have 

^=7(W] <^> 

To compute the maximum value G of g (which is attained 
immediately before cracking), we must give p the value P, and 
by employing the equation Plp = F' of Art. 78, we obtain 

«=7(2-S% (3> 

Instead of the modulus of limiting pressure F\ we may 
introduce the hardness Hy by means of ec^uation (5), Art. 79. 
Tliis irives 



^={-^^)'p^ w 

The depth of the depression in the glass plate, at any time 
during the application of the pressure, can l)e shown to be almost 
exactlv iv, or, at the instant of crackinj;, IG. 

1 [This conclusion is overturned in the last article of this chapter.] 
^Jour.f. d. reine u. angew. Math., 92, 166. 

» From equation (1) it is easy to deduce g = i-, which is a convenient formula 

p 
for the direct calculation of g from observations. 
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is the greatest amount of linear compression of the system 
[)osed of lens and plate, before cracking. It varies as the cube 
of the radius of curvature p of the lens ; and the quotient 

G/pi={ir§-)' •• (5) 

constant of the material. It may be called " the limit of 
ir compressibility of a brittle substance in experiments on 
lute hardness." Its values for the 14 glasses are given in 
following list : 



No. 


H 


(7/p* 


10 


173 


0-0083 mm*" 


4 


183 


•0106 


2 


210 


126 


14 


217 


100 


8 


219 


191 


1 


223 


97 


9 


244 


182 


:? 


246 


96 


12 


266 


115 


11 


267 


124 


6 


272 


158 


5 


274 


128 


i:{ 


278 


199 


7 


316 


147 



he second column contains the hardness in ascending order, 
iparison of the two colunms shows that for the most part 
h some marked exceptions) increase of hardness gives increase 
imiting compressibility. The mean value for the first six 
aes is 0117, and for the last eight glasses "0144. 



6. Poiflson's Ratio. [The name elasticity number (Elasticitats- 
) is given in Germany to the ratio denoted by /a in the 
going articles. In England it is usually called Poissons ratio, 
luse Poisson maintained that it had the constant value \ for 
sotropic bodies. It is usually defined as " the ratio of lateral 
Taction to longitudinal extension (or of lateral bulging to 
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longitudinal compression) when a cylindrical portion of the 
substance is subjected to longitudinal pull (or thrust)." More 
precisely, let L and B be the length and diameter of the cylinder 
before, and Z + /, -D + rf after, the application of the pull or 
thrust; then the ratio in question is 

D I "''• 

The value of tliis ratio for the different kinds of glass ha$ 
recently been investigated by R Straubel.^ He b^ins with a brief 
account of the previous investigations of Everett, Comu, Voigt^ 
Cantone, Kowalski, and Ainagat, and gives the preference to 
Cornu's method. 

Coriiu employed glass plates or strips, of rectangular section, 
and of various thicknesses, supported horizontally on two. parallel 
kuife-edges; and subjected them to flexure by hanging on weights 
at their ends. The upper surface of the glass thus acquires a 
peculiar deformation, which can be observed by means of inter- 
ference fringes, and made the basis of calculation for Poisson's 
ratio. Straubel produces the same deformation in nearly the 
same way, but employs a different method of observing the 
interference fringes — a method indicated (though not employed) 
by Cornu. 

When the lonj^itudinal axis of the strip is l>ent into an arc 
convex upwards, the transverse axis is at the same time bent into 
an arc convex downwards. The surface of the strip, originally 
plane, ac(iuii-es anticlastic curvature (or becomes saddle shapetl-, 
and the curvature in the transverse section is /x times the 
curvature in the longitudinal section."' 

If the lower (plane) face of a circular cover-plate, parallel to 
the tangent plane at the centre of the upper surface of the strip, 
is brought into close proximity witli this surface, and illuminated 
by normally incident monochromatic light, an interference pattern, 
consisting of two conjugate systems of hyperbolas, will be pri>- 
duced, as represented in tig. 20. I^t « be the angle at which 
each asymptote is inclined to the transverse section ; ^ then tau^i 

Mmh. d. Phys. n. Chnn., G«, .369 (1809). 

-Thomson and Tait, II. 250 ; also Wiiikelmann, Handh. d. Phym,, I. 263. 

•*[In the figure, the transverse section is nearly vertical.] 
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ratio ' of the transverse to the longitudinal curvature 
cting sign), and we have 

/i=tan*a . 




t glftfie filriji, resting on a jwir of knife-e<lge8, was preseeil 
i8t a second pair of knife-edge^, further apart, and 
aetnctdly placed.' As a nde, the distance between the first 
was 7 cm., and Ijetween the second pair 10 cm. To prevent 
pable reflections, the cover-plate was slightly we<lge-shaiied, 
Bgle of the wed^ l)eing 20', and the under side of the glass 

yi-a« roughened. The under side of the cover-plate was 

1 with c-ruBs rulings. 

B source nf light employed was a hydrogen vacuum lul* 

id by a coil. For eye observation, a red glass (coloured 

ibhneh, Thtor. il. ki-uuimtn FlOrhat (I8SS) p. 1-26. Hop|W, PrinHyint d. 
(ISM) p. W. 
I iDDd* at producing flexure hM Ibc advuiiAge, over that iluoritied in 
t4 giving K uniforai bending torque in the portion nf th« itrip between 
rluit(c*di!e>.] 
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with oxide of copper) served to suppress all the light except that 
l)elongiiig to the red hydrogen-line G. For photographing the 
pattern, the light wtis decomposed by two flint glass prisms, and 
the F component alone employed. In both cases, the light, after 
l)eing made parallel, fell perpendicularly on the surfaces to lie 
examined, and, on its return after reflection, entered either the 
camera or the observing telescope, passing on its way through au 
arrangement for measuring the wedge-angle a. 

In the subseciuent measurement of angles on the photographic 
plate, a graduated revolving table was. employed, belonging to a 
mineralogical microscope. The plate was laid on this table ami 
centred, and the table was then turned till the two asymptotes in 
the pattern had been successively brought into parallelism with a 
fixed thread in the ocular. For measuring the details of the 
pattern, Pulfrich*s apparatus ^ for interference measurements was 
found suitable, after its Dove prism had been fitted with a 
divided circle and vernier. Here ^ain, by revolving the Dove 
I)riam, the directions of the asymptotes were made parallel to a 
fixed thread in the ocidar, the angle between them being given 
by the difference of readings. 

It was necessary to contend with the difficulty, or impossibility, 
of obtaining strips of so small a thickness as 2*5 mm. witli 
suttieiently plane surfaces. In consequence of this defect, th*^ 
strips almost always showed either a regular incre^ise or a regular 
decrease of the angle ia, as the flexure was increased. 8traul>e] 
therefore made, with each strip, a series of observations, with 
different amounts of flexure; and, from comparison of their 
differences, deduced the value of a which would have Wn 
observed, if tlie surface of the strip had l>een originally plane. 
'Uhe calculation"' was made by the method of least sfjiiares: 
account being taken of the fact that, as the flexure l)ecouie5 
greater, the <:)l)servations become more trustworthy. 

A complete testing of the method would involve a determina- 
tion of the influence of the width and thickness of the glass plate, 
and of the distances between the knife-edges. Such tests were 
only partially made. The most important influence detecte*! 
was that oi the width of the ])late. As the width increases, 

^ ZeitHchr.J. InBtramenk., 18, 261 (1898). 
^Straubel, I.e. p. 385.390. 



J 



Ibc iheoretital assiiiiiptioiis on whicli the iiietlnMl resl.s hi* less 
atxictly fultillocl, aiid the form of the auvface is mollified. l(y 
intterting thin slips of indtanibljer between the glass and tlie 
knifti-cdges, the cnj3s-l)emliug was facilitated ; ami experiments, 
with glass platea :i cin. wide and 3 mm, thick, ahoweii the 
rettlity nf the alxive-indicated sources of error, hy a nolablo 
4iminiitioii in the value obtaine<l for ft. 

For one particular glass the tests were very complete. 
and ttre fully descriljed. Its trade numlier was 1991, and 
ita composition 



ita con 



fO, K,Oj ZnO AsjO^ BaO Na^O K^O MiijOg 

•22 2-T 1-5 0-5 10 5 IT. 0-08% 



All the specimens of this glass were cut from a single plate, 
which was free from veins, stresses, and buliMes. Their widths 
Wftre 10, 1-75, 20, 2-5, 30 cm., and their thickneEses 20, 2-5. 
3-0 mm. 

Tlie ilistanoe lietween the inner knife-edges was sometimes 3'4 
anil Bometimeii B'7 cm. ; the distance l)etween the outer ones 
was always 10 cm. The values found for fji ranged from ■215 
to -233. 

Un the whole, Straultel concludes that he has obtained 
ffuBiciuntly cousuut determinations for the several kinds of 
glass which he examined. The question whether the constant 
v:dau» tlius oblAined are correct, can only be answered after 
eompanaon witti results obtained by various luethods, and must 
(or the present bo loft open ; though the answer is likely to be 
ID the ftttlrmative. If they are not correct iia ubsolitte values, 
th«y may be accepted an relative values, from wliich the absfilute 
values can lie inferred as Mum as a few certain determinations are 
Available. 

StmitUd has taken no acooiuit of the temperatures at which 
hti> iiltttervntions were made. He states however itmt, judging 
from ob8cr\ ations by Kcwalski, the currectiuns for difTerencea of 
t4im[«rHtitre in diflerenl dftenninations may amount to 003. 

Lilt of the Glasses. Stmubel has given results for 20 
diSerout -'ima gliUiisi's. and iil»o for pine l)nric acid. Out of the 
29, ttnere are 20 which are included in Winkelmann's li^t 
Lit. 67), with the following diflerencee in numbering: 
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w. 


Str 


W. 


8tr. 


W. 


Str. 


i» 


1490 


27 


S.219 


30 


665 


20 


S. 208 


28 


2158 


85 


197S 


21 


658 


30 


290 


6S 


2154 


22 


S. 196 


31 


270 


87 


627 


23 


1299 


32 


370 


90 


20 


2a 


709 


33 


500 


91 


714 


26 


15T1 


38 


Wn 







The widths of the plates or strips lay between 2 and 2'53 em., 
and their thicknesses between 2^42 and 2-58 mm. The iniiCT 
knife-edges were 7 cm. and the outer 1 cm. apart. These daU 
apply to all the glasses except S. 95 and 665. For these, and 
for boric acid, the data were 





Breadth. 


ThicknMa. 


S.95 


1-40 cm. 


2-36 mm 


665 


1-66 


1-56 


rie acid 


1-78 


3-34 



For all tliree, the inner knife-edges were 5 and the outer 7 cm 
apart. With the boric acid the regular series of observations 
wfis only partially carrie<l out. 

Kifjht of the nine glasses not included in Winkehuann's lisi 
hail the following chemical compositions. For the 
glass 278'" the composition is not given. 



No- 


f 


s 


1 


9 


3 


1-5 


i 


1 


5 


1.5 


S 


2175 


_ 


5-3 


U-5 


2 ' - 


im 


1893 


s3ri 


■31 


— 


— 


— 


— 


— 


— 


6-5 


_ _ 


_ 


21l)H 


+4 6 




, — 


M6 


— 


0-3 


— 


0-5 


8 


— 


— 


- 


■2122 


37-."> 


1,1 


' _ 


^ 


5 


l-j 


41 


— 


— 


_ 


_ 


_ 


1933 


39W 


li 


,9-2 


_ 


2-5 


0-5 


42-1 


_ 


_ 


_ 


_ 


OIW 


S. 95 


_ 


3 


_ 


_ 


1-3 


rs 


.W 


— 


— 


_ 


56 


_ 


S. IH.-. 


_ 


TI-» 


_ 


_ 


■22-4 


— 




_ 


^. 


_ 


_ 


_ 


s. lai 


- 


42S 


— 3-i 


5 


0-2 


— 


- 


- 


- 


- 


- 



lUined also 20 per cent, of Sb^Oi- 
5-8 p«r OMit. ol Ufi. 
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^■Rubel endeavoiirecl to exprees the value oi /Jl as a linear 
^Bon of the percptitages of tlie coDstiLiient oxides, aiid made 
t five different seta of coefficienta, of wliicli we shall only 
produce one. To calculate /*, the ]jerceiitapeB are to be iiudti- 

Ibj these coefficiente, aud the sum divideil hy 100. 
, SiOy -loss K,0. •;J969 

BjO„ -2840 CaO. -UGli 

the following table *i deaotes the oltserved luid m' the 
lonlated value. The difference /A — fx', as compared with fi, 
Qounts on the average to 1-7 per cent,, and in the worst case 
' 5 per cent. No coefficient is assigneii to LJjO, and Uie single 
"1.186 which conlaius it is omitted from the calculation. 



ZnO, 


•3460 


l',0,, 


■2147 


I'bO, 


■2760 


Sb,0,, 


■2772 


A^0„ 


■1750 


MgO. 


■2500 


B.0, 


■3560 


A8,05, 


■2500 


Na,0, 


■4310 


Mn,0, 


■2600 



Ko. 


/> 


^-^■ 


No. 


>• 


M-/i- 


1450 


■197 


-■003 


658 


■ao 


+ ■014 


378" 


■398 


+ ■001 


1973 


■282 


-■ooc 


8175 


■210 


-•010 


e» 


■253 


-■002 


an 


-213 


-■O08 


270 


•253 





isas 


■219 


-•Oltl 


21>2S 


■256 


-■003 


7U 


■ffil 


+ ■002 


370 


■261 


+ ■006 


90 


■221 


+ ■003 


a, 208 


■261 


+ ■010 


3154 


■222 


-1«2 


1933 


■286 





4ioa 


■2a 


-■009 


l-iJ9B 


■271 


+ ■003 


1571 


■asM 


--Oil 


S, W 


■272 


+ ■002 


70B 


'iX 


+ ■002 


8, 180 


■278 


_ 


HP" 


■228 


II 


s. ifm 


■274 


-■005 


S16ft 


-231 


-im 


a. lao 


■279 


+ ■(10* 


a £19 


-235 


-■002 


B^. 


-SS3 


-■001 


800 


■239 


-■«06 


066 


■319 


-■001 



BDpftruOli with Auerboch. The indirect deterniiiiaLions of 

Bie element iiiaili' by Auerbach (Art, 77) in coimectioii with 
Mriuients on liunlness. when compared with Straubel's 
linatious for the sanio ^ilasses, exhibit larj^ discrepancies, as 
t ^ tha following table. Auerbach's estimate of 7 per 
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cent, as a probable limit of error, and 14 per cent, as the 
greatest possible error, in his values of m» seems to be much 
too favourable. 



No. 


Straub. 
0197 


Auerb. 
0-20 


Diflf. 


No. 


Staranb. 


Auerb. 


Diff. 


14,50 


- 1-5% 


290 


0-253 


017 


+ 32-8% 


1571 


0-224 


0-29 


-29-5 


270 


0-253 


0-27 


- 6-7 


709 


0-226 


0-21 


+ 71 


S. 208 


0-261 


0-30 


-14-9 


161" 


0-228 


0-21 


+ 7-9 


1299 


0-271 


0-17 


+ 37-3 


500 


0-239 


0-25 


- 4-6 


S. 196 


0-274 


0-24 


+ 12-4 


658 


0-250 


019 

• 


+24-0 











If we multiply Auerbfw^h's values of the hardness H l»y 
Straubel's values of /i, the products, instead of being nearly 
constant as in Art. 84, range from 38*8 to 120'3. The supposed 
connection between hardness and Poisson s ratio thus falls to the 
ground. 

Resistances to Compression and Shearing. Let C denote 
the " volume-elasticity " or " resistance to compression," and 
T the " simple rigidity " or " resistance to shearing " — usually 
measured by experiments on the torsion of cylinders. Then, 
writing E for " Young's modulus," and fx for " Poisson 's nitio," 
as in the preceding articles, the two following relations are known 
to hold for isotropic lx)dies : ^ 



C= 



E 



3(1 -2m)' 



r= 



E 

2(1 +My 



Straubel, by employing these two formiUae, has deduced the 
values iriven in the last two columns of the following table. 
The values of E were taken from the results of Winkelmann 
and Schott (see Art. 72). In the case of the two glasses 
278"' and 189:>, the values were ^>ei'sonaIly communicated by 
Winkelmann. The values of E for 2175 and 2106 have not 
i>tvn direetly determined ; and Straul>el adopted for them the 
values actually found for two other glasses (88 and 24 in 
Winkelmann's list) which closely resemble them in composition. 
For 01)5 thei^ was also no direct determination of E. Straubel 



Thomson Mid T&it, § 694 ; Winkelmann, Hcrndb, d. Phyn., I. 224. 
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computed it from Auerbach's values 9094 and 377 for indenta- 
tion -mod ulufi aud hardnesa, combined with his own deteniiination 
of M> i^se formulae of Art. 77.) 



ti». 


w. 


« 


B 


C 


T 


1»S0 


19 


■197 


730" 


4(120 


3060 


278'" 


— 


■20H 


66411 


371X1 


■27BO 


2175 


— 


-210 


T-WO 


4200 


30W> 


m 


87 


■ai3 


7970 


463') 


3290 


1S»3 


_ 


■219 


5170 


3070 


2120 


7U 


91 


■221 


8570 


3920 


2690 


30 


90 


■221 


B340 


37 9" 1 


'2fl«0 


21M 


88 


-222 


8100 


36(iO 


■iWO 


2106 


— 


■222 


6391) 


3230 


2210 


ISTI 


26 


■K4 


5460 


33IMI 


2230 


70» 


25 


■226 


0030 


4030 


2700 


18'" 


38 


■228 


74011 


453(1 


3010 


2158 


28 


■231 


fiaio 


41(» 


aiwi 


8. 21S 


27 


■236 


K7«t 


4260 


2750 


BOO 


33 


■239 


5490 


a^io 


■22» 


eas 


SI 


■250 


5170 


3550 


2190 


1BT3 


85 


■252 


7420 


4990 


2060 


S90 


30 


■2G3 


0010 


4060 


2400 


270 


31 


■253 


fi330 


4270 


2530 


Silt 


32 


-261 


5850 


4nso 


2320 


8.908 


20 


iMI 


5090 


3530 


•2IQ0 


12m 


23 


■271 


T970 


5S00 


3140 


S. 198 


SB 


■274 


4700 


3470 


IH40 


ess 


39 


-319 


a 170 


7S20 


3100 



Streuliel points out that glass 665 is distinguished by ita 
cxlrviiie properties : ' that it shows the greatest hardness, and 
the largest coeflicieDts of elasticity (includiug Young's modulus, 
itHlenlation-moduluH, and voliiine-elastlcity). as well as the 
largest Foisson's ratio; that it lins also the smallest thermal 
expaoBJon ; also that it probably has great tenacity and resist- 
ance to crushing, great power of withstanding heat, and email 
deotric conductivity. 



MA, ■■ Ifae kb<'r« lUt alumg, la 
m in Ari. 67 aliowg tbnl Nu. Si 
d of 41 per ovDt. 11,0, and 59 {»r » 



ViukelDuiui'ii No. 39. 
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t. ZnO.] 



CHAPTER VIII. 

THERMAL PROPERTIES OF GLASS. 

86. In this Section, the order of treatment will be : Specific 
Heat, Conductivity, Expansion, and Power of Withstanding Heat 
The experiments which we shall have to describe were performed 
almost exclusively on the glasses enumerated in Art 67, where 
their chemical compositions are described ; and we shall designate 
them by Winkelmann*s numbers, there given. 

87. Specific Heats. The first systematic investigation of the 
specific heats of glasses of different compositions has been made 
by Winkelmann, using Regnault's method.^ Pieces of glass, of 
an aggregate weight of from 100 to 250 gm., were heated by 
steam, in a small brass-wire basket, to a temperature T"" near 
100°; and then immersed, with the basket, in a water calorimeter, 
containing a thermometer and stirrer, and having an initial tem- 
perature t^y not differing much from 14°. The final temperature 
of equilibrium t^ was not far from 18°. This temperature t^ has 
been lowered by an amount, which we will call A^g, by the 
escape of heat during the time occupied in attaining equilibrium. 
Let 

p be the mass of the glass (in gm.), 

c the specific heat of the glass, 

P the mass of the water in the calorimeter (in gm.), 

A the water-ecjuivalent of the calorimeter, stirrer, and 

thermometer. 
B the water-equivalent of the brass-wire basket. 

^Ann. d. Phys. u. Chtm,, 49, 401 (1893). 
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Fi-oiii this etiiiiicioii c is Xo lie fuiiiid, the other qiiiintitii>g Imvitig 
■fiiBt hueii deterniineil by olisei'vatioii. 

Tli« lii'^tiug apparatus consisted of three coaxal vertical 
cvlinders, llie iuiiennost W\n\^ pnivided at l«th ends with sliding 
meUd plates for opening and closing. 

Into it the wire-ltasket was lowered half-way dowii, suspi;itded 
by a Bilk thread, and having in ita centre the bulb of a ther- 
inimiuter graduated to tentlis of a degree. Sl«am waH passed 
through the two intervening Bpooes Itetween the thr«e cylinders; 
iind after 2 J honre tlie indications of the thennoineter were 
Mnrticiently constant. 

The csloriuietei' was pnshed into its place beneath the heating 
apjMiratiis a long time lieforc the experiiuent; and with the lielp 
(if a stirrer, and a thermmneter divided to tenths of a degi-ee, its 
Ivniiteniliire was olaerved at ri^lar inten'als, It thus attained 
almnat exactly the temperature "f its sun-on ndingR. The weight 
"■f the Water was detennined inimediittely l>efore the BXi>eriment. 

Th« wire-ltasket with its contents having then l>een lowered 
into the oalorinieler, observations of temi)t'rutnro were made 
everj- ^0 seconds, the Ijaslcet itself being used as stirrer. The 
temperature of equilibrinm l^ thus found, combined with 
the observations taken before immersion, gave the means of 
determining A/, , which was about ■02^.' 

The water-equivalent jt of the brass calorimeter with stirrer 
iinil iJiermometer, was estimated by calculation at 15-i:J gm. 

Two different liaskela were used. One weighed 24'2li giiL 
Thrw esperimenta made with it when empty gave 21 84 as its 
w«l*rr-e<|uivalenl. The resultmg ATilue of the specific heat of 
brass was 09014, the actual specific heat of brass being 09;!. 
Tlio diirurenc« is due to loss of heat Trom the basket on its way 
to the oalonnieter. This ei-ror is allowed for by using the 
ierv«d value :il84 for the water-equivalent; a conclusion 

Ified by two exjievimeTits, with alxMit '.V-i& gin. of brass in the 

"tetv which, when worked out, gave the correct ^-alue of the 
9ci6c heat of the metal. 

< S«a Winkclnivin, ItamUi. tl., -2, »£1. 
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ITie second basket weighed 31'77gra,, and ita water-equivalent 
is accordingly to be taken as 



24-23 



The weight P of water in the calorimeter was about 500 gm. 

In this way detei-minations wei-e made for 11 glasses, by 3 
experiments for each ; and then for 7 glasses, by 2 experiiBents 
for each. The difference between different determinations for 
the same glass never reached 1 per cent. The column headed e 
in the table of the next article containe the means of these 
determinations. Winkelmann estimates their uncertainty due to 
constant sources of error at 06 per cent, as a maxlmux. 

88. Calculation of specific heats from chemical composition. 

If the thermal capacity of a glass were the sum of the thermal 
capacities of its constituent oxides, its specific heat c could be 
calculated by tlie formula 

1 
"" 100" 



n^Pfii, 



S denoting " the sum of such tenns as," Pi the percentage of 
any oxide, and o,- its specific heat 

For the first seven oxides of the list in Art. 67, the specific 
heats were detemiined by Kegnault, for intervals of temperature 
roughly identical with those employed by Winkelmann. The 
values published by Eegnault' are, 





Sp. heat. 


Interval. 


SiO, 


■191:^ 


13°~99° 


B,0. 


■2374 


16'— 98- 


ZiiO 


■1248 


17-— 98- 


P1)0 


■05118 


22'— 98- 


MgO 


■2439 


24-— 1 00" 


A1,0, 


•2074 


8°— 98° 


As,0, 


■1276 


13-— 97' 



The value given for Al^O, is the mean of Begnault'e values 
for corundum and sapphire, 1976 and ■2173. 



A«it. <U ahim. tl ,U rhy>. (.11. I. i-iH(lS4l), 




trect ileUii'iiiiiiatiouB are kimwn ftir tile utlier seven 
ptViiikBlniami calculates their 8i>eeilie he^ts on the basis 
fn'a law that une anil the same chemical atom, in its 
Bnliil combinations, has always the same atomic heat, 
K8 at the folluw-ing values ; 



Sp. heat. 
■06728 
■l'll74 



llaO 

Na,0 

K,0 1860 

l,i,0 ■ -5497 

CaO 190:1 

r,Os 1902 

Mn,b, -1601 



i 



>Diic weight of oxygen is bikeii ae Iti, ami ite nUiiuic 
(lid coniliinutioiiB as 42 (Wiillner'B value). For chlorine 
6'2t! are taken. The following dabi are kIbij oiii|iloye<l ; 
ttomic weight of barium is 136'8, and the sp. heat of 
Vilomie, as <ieteriiiine»l for the interval 14" to 0J^' by 
I, is -08957. 

lie weight of sodium is 23 : the specific heat of 

loride lietween 14° and 99" is -2140 acconling to 

The specific heat of Bodimn has only heen deterniineil 

28' and + 6°. 

lltORiic weight of potasaiuni ib ^9 ; the ep. heat of 

■ chloride Ijotween 14" and 99" is ■1729 according to 

L The sp. heut of putassium has only been detunuined 

|- 78' and 0'. 

loniic Weight of lithinm is 7, and its sp. heiit between 27" 
BB '9408 acconling to lEegiiault. 

lomic weight of calcium is :19-9. Its sp. heat between 
[to* is '1^04 by Kiinsen'a deterniination. Hence '2039 
3 u Che sp. heat of calcium oxide. On the other imnd. 
found '1642 as the sp. heat [>f calcium chloride l*etween 
W; whence the value '17fi7 is deduced for the oxide. 
of the two vnlitCB IK -190:i. 

onic weight of [thoBphonis is 31. For the sp. heat of 
Ph^jO, tietwemi 11° and 98°. Regimiilt found -08208; 
oxide I'hO in given iilxive; hence follows ■17^9 for 
On the other hand. }{egnaidt found '228:1 oa 
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the sp. heat of the salt Na^PgO^ between 17° and 98"*; whence, 
with the help of the above value for Na^O, the value '1941 is 
deduced for Pg^g. L^tly, Regnault found '1910 as the sp. heat 
of K^PgO^ between 17° and 98°, which, with the above value for 
KgO, gives "1975 for PgOg. The mean of the three values is 
•1902. 

The atomic weight of manganese is 54'8. For its sp. heat 
between 14° and 97°, Kegnault found -1217; this leads to -1646 
for MugOj. Again, Regnault found '1570 for MnO between 
13° and 98°; this leads to '1676 for MugOj. The mean of the 
two is "1661. 

When Winkelmann compared his observed values for the 
glasses with the values calculated by the formula at the 
beginning of this article, from the values of c^ above adopted for 
the constituent oxides, he found differences of more than 2 per 
cent, in the case of the glasses 1, 2, 9, 11, 16. Four of these 
(1, 2, 11, 16) are distinguished by large percentages of boric 
acid. Hence he suspected that the sp. heat assignecl to B^O^ 
in tlie calculations was too large. To decide the point, a new 
determination of the sp. heat of boric acid was made, and 
this confirmed Kegnault's result. 

But Kegnault determined also the specific heats of four Siilts 
of l>oric acid ; and Winkelmann deduced from each of these a 
determination for the acid, with the following results, includin-^ 
the one previously employed : 

•2374 from direct oljservation on boric acid. 
•2158 from the value '09046 for VhBfi^, 
•2153 -1141 PbB.O.. 

•2421 -2197 KaB.O^. 

•2252 -2382 Xa.,B^O.. 

The mean of the five Ls '2272. 

Employing this value instead of ^2374, without changing the 
values for the other constituents, he obtained the values given in 
the colunm headed c' of the following table. The differences 
between the ol)served values c and the calculated values c are 
given in the next column, expressed as percentages of c; they 
amount on the average to about 1 per cent. The much larger differ- 
ence for the first glass is proliably due to the content of lithium in 
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the glass fieiiig civerestiiiiak-ii, aa the lithium oxide api>ears not. 
~yi have been dry when weighed. The hist column contains the 



w. 


c 


e' 


.-.■ 


« 


... 


1 


■2318 


'2415 


-4-2% 


2-238 


-S18S 


i 


■2l(e 


■2192 


-o-s 


2 '243 


-4S94 


3 


■3086 


■sumt 


+ 11-3 


a-4il 


•6056 


4 


■am 


-a 140 


+ 0-2 


2-480 


-5068 


s 


■21138 


■2<U9 


-O^.i 


2-370 


■4831) 


6 


■1988 


■1B33 


+ ©■3 


■i'5S5 


■5139 


7 


't»58 


■lfl64 


-0^3 


2-479 


■48S4 


H 


■\»n 


■1888 


+ 1^0 


2-029 


■5013 


11 


•1901 


■19*4 


-3-3 


2-5.S8 


-4920 


10 


■1887 


-1893 


-0-3 


2-518 


•4751 


a 


■16*4 


■166H 


-15 


3-527 


■6798 


la 


■1817 


■1628 


-O'fl 


2-848 


•4605 


IS 


•1589 


■1573 


+ 0-9 


3-070 


■4873 


[i 


1464 


■1439 


-f-li> 


3-238 


'474<l 


IS 


■1388 


■1379 


+ 1-4 


3-B32 


■4tt3S 


le 


■13S9 


■1344 


+ !■! 


3-89i 


■5010 


17 


■1257 


■1272 


-1-2 


3'S78 


■4498 


18 


■06174 


•08!»l 


-03 


6831 


■4768 



{iroductA o[ the specific heats by the densities (from his ouni 
(leU^rminntions). Tliey represent the thermal capacities i>ernnit- 
volume, and show only a i-ougli approach U> (.'iinstancy. 

89. Observations on the condnotivi^ of gUisses of \'ariourt 
cxiupositiuiis were made liy O. I'aalhorn in the Pliysical InatitwU- 
of the Tniversity of Jt-iiu.' The investigation included tlic 
15 glasses uunibei-ed 69 to 8:i in Winkelnumn's list (Art. 67). 

The observations were taken with tlie aid of an apparatus 
introtlnced by (.'. Cliriatiiinsen * under llie name of " conducting 
column," arranged in the form in which Wiukelmann used it fui 
hia rtnwarclies ou the variability of ttie conductivity of gases with 
temperature.^ 

[Conductivity is usually determined by measurement of the 

■Bperaturo-grHdient in the conducting Ifody, and of the heat 

' Di^aertatioo, Jniu, 1894. 

'Aim. it. /'Ay., u, Chrni., 14, 23(1881). 

Mm. il. PAy.. II. Chrm., 20, 68 (1886). 
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transmitted through it in a given time. The conductivity is 
then deduced by means of the relation : 

flux of heat = gradient x conductivity. 

The chief peculiarity of Paalhom's method was that, instead of 
directly measuring the transmitted heat, he inferred its amount 
from previous knowledge of the laws of transmission of heat 
across a layer of air separating two plates at different tempera- 
tures. Our account of these experiments and their reduction is 
very much condensed from the German.] 

The conducting column consisted of three copper plates, with 
two other substances filling the two gaps between them ; one of 
these substances being air and the other the glass to be tested 
The copper plates were circular, each of them being 1 1 cm. in 
diameter and 1*503 cm. thick, and were gilded. They were 
placed horizontally one above another ; and each of them had a 
hole bored horizontally in the middle of its thickness for the 
insertion of a thermometer ; these holes being 5*2 cm. deep and 
0*6 cm. in diameter. The thermometer for the lowest plate was 
divided to fifths of a degree from — 3° to +35**; that for the 
middle plate, to tenths of a degree from 9° to 42°. For the top 
plate there were two thermometers, one divided to fifths from 
33° to 75° and the other to tenths from 69° to 100°. All four 
were of Jena glass, were of suitable shape, and were compared 
with a standard thermometer. They all projected from the 
copper plates on the same side of the column, so that their stems 
were one above the other. 

Between the topmost copper plate and the middle one there 
was a layer of air of the thickness of either '023458 cm. or 
•048088 cm., the plates being kept apart by the insertion of 
three tiny plates of glass about 1 sq. mm. in area, having either 
the former or the latter thickness. 

Between the middle and lowest plate was the glass disc to be 
tested. It had the same diameter as the copper discs, and was 
about half a centimetre thick. The transfer of heat between the 
glass disc and the copper discs, which were pressed against it, was 
found to be facilitated by covering the plate with a thin layer of 
glycerine. 

The " conducting column " was contained within a sheet-iron 
box of square section. The central portion of the base of the 
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Keoiieisted nf a braus jilate of 16 cm. diameter soldered in, 
t column stood on this brass plute in such a position that 
stems of the thermometers in the three copper 'plates 
ere in a diagonal plane of the liox. The under-side of the 
n&B pltite could be kept cfwl by ullowiug a jet of water to play 
gainst it In the sides of the box there were glass discs 
iserted, serving as windows ; and in the top there was a round 
irfe filled by a cylindrical brass vesael, whose bottom (made 
•uly plane) rested on the top of the first copi>er plat«, which it 
Kactly fitted. Into this brass vessel steam could be brought 
-om a generator at a sufficient distance. 

In aiidition to the thermometers above mentioned, there were 
iree horizontally placed thermometera inside the iron box, at the 
ivel of the middle copper plate, their pui-pose lieing to determine 
le t^nperatiire of its eiirroundings. One had its reservoir cKise 
> the column, one midway Itetween the column and a side of the 
jx, and the third in a corner near one of the glass windows. 
hey were diviiled to whole degrees. 

Each experiment began by letting in steam to the brass vessel 
; the top of the column. As soon as increase of teuiperatui* in 
le middle copi>er plate appeared, the water jet was alloweil tu 
lay against the br>ttom of the brass plate on which the lowest 
>pper plate rested. The highest and lowest copper plates 8oi>n 
paired their permanent temperatures. The middle plate 
uuged i\s temperature, first quickly, and then more and 
lore slowly. When it ceased to change, regular reoilinga 
are l<egun. 



90- Reduction of the ObaervatiODS. Since the temperatures 
■e steaily. the middle coppor platt- receives just as much heat as 
8 out. Tiiis fact is expres-sed by the equation 

(1) 



L+S = l+w-\-iT 



I dunutinjj; the heat which it receives by conduction. 

„ by radiation. 

It the beat conducted from it to the lower plate. 
t its Ices by air-contact and radiation to the surroundings 
of tlie col num. 
le loes by air-contact and radiation from the glass plate 
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91. In one experiment, which may be taken as a sample, the 
following permanent temperatures were observed : 

t^ = temp, of top plate = 96-13° C. 

^2 „ mid „ 58-29. 

^3 „ lowest,, 13'75. 

^4 „ air around column = 20'3. 

Thickness of glass plate, 1*075 cm. 

„ air layer, '048088 cm. 

From these were derived by calculation : 

Z= 4*81 therms per second. 

5= -02318 

ft)= -29329 

0-= -13944 



I) 



Hence I is found by (1); and by the help of formulae for the 
transmission of heat across a layer of air, the value 20*156 wa?* 
obtained for the relative conductivity k at the temperature 
J(^j + i?2) = 36-02°. This is to be multiplied by the absolute 
conductivity of air at the temperature of the air layer, which is 
about -00006, giving -00121 as the absolute conductivity at 36". 

The value finally adopted for the absolute conductivity K of 
the glass in question (the lead silicate glass 69) at 25° C. was* 
•001083. 

Experiments conducted in the same way gave for glass 7'.^ 
(a silicate containing soda and zinc oxide) at the same tempera- 
ture, ir=-ooi9:u. 

92. Several comparative observations were made by insertiii'^ 
one of two glasses between the first and second copper plates, 
and tlie otlier between the second and third ; the formula 
employed being 

L = l + w, (3) 

which reduces to 

f;(<i-'2) = f('2-'3)+000154^(f,-<,r*'; (4) 

K^ and d^ being the conductivity and thickness of the upper glass 
plate ; K, d oi the lower ; D the thickness of the middle copper 
plate ; R the common radius of the plates. For results, see the 
next article. 
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93. Relation to Ohemical Composition. I^aalhorn's values 
)r the absolute conductivities (in c.G.s. units) of the glasses which 
e tested (namely the 15 glasses 69-83 in Winkelmann's list, 
Lrt. 67), are given in the following table, under the heading 
observed." They are for temperatures not differing much from 



5" C. 



w. 


K in gm . cm " * . sec " * 


Observed. 


Calculated. 


69 
70 

71=27 

72 

73 

74 

75=23 

76 

«■■■ 
i t 

78 

79 

80=5 

81 

82 

83 


•001083 
•001304 
•001409 
•001433 
•001445 
•001470 
•001610 
•001650 
•001832 
•001861 
•001931 
•002267 
•001938 
•001972 
•001952 


•001094 
•001324 
•001406 
•001379 
•001572 
•001401 
•001511 
•001479 
•001661 
•001879 
•001954 
•002092 
•001905 
•0(^2024 
•001954 



Obs. - Calc. 



— 


1% 


— 


2 


+ 





+ 


4 


— 


9 


+ 


5 


+ 


6 


+ 


10 


+ 


9 


— 


1 


— 


1 


+ 


S 


+ 


2 


— 


3 


— 






Paalhorn adopted, on the basis of these results, a set of 
)efficients for expressing the absolute conductivity of a glass as 

linear function of the percentages of its constituent oxides ; 
id Winkelmann subsequently suggested changes in the co- 
iicients for B^Oj, ZnO, MgO, BaO, which brought the results 
ito closer agreement with observation. The following are tlie 
)efficient8 as thus alteretl : 



SiOj 


■ -0000220 


As/), - 


• 0000020 


BA - 


ir)0 


I5aO 


100 


ZnO 


100 


Na.,( ) ■ 


160 


PbO 


80 


K/) 


10 


MgO ■ 


84 


CaO 


H20 


A1,0, . 


200 


i'.O, - 


160 



hese are the coefficients employed in deduciuj^ the above values 
^ed " Calculated." 



/ 
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94. Relative determinatioxis by Isothermals. W. Voigt, 
improving on de S^narmont's plan of exhibiting the unequal 
conductivity in different directions of crystalline plates, has 
shown that isothermal lines on the surface of a plate can be 
made self-recording by covering the plate with a thin coating of 
pure elaidinic acid to which certain proportions of wax and 
turpentine have been added. The elaidinic acid has a definite 
melting point of about 45° C, and, in solidifying from the melted 
state, is deposited in minute crystals, which form a remarkably 
fine and clear line of demarcation.^ After employing the method 
for comparing the principal conductivities of a crystal, he adapted 
it in the following way to the comparison of the conductivities of 
two isotropic solids, and thus obtained comparisons between three 
Jena glasses, nearly identical ^ with Winkelmann's 19, 20, 21. 

Two equal plates ABC, CD A (fig. 21), of different glasses, 
each liaving the form of a right-angled triangle, are cemented 




Fio. 21. 



together along their hypotenuses, so as to compose a rectangular 
plate of uniform thickness. The ratio of the length and bi-eadth 
may with advantage be about the ratio of the conductivities. 

The rectangular plate, with a very thin uniform coating of the 
mixture, is set upright with one end AB (telonging to the better 



* Winkelmann, Hamlb.y II. 1, 301. 

2 Ann. d. Phys, u. Ghem., 64, 95 (1898). 
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tluctor) resting on an ainalganinted block of copper tieated Uf 
letliing between 70" and 90" C. The line of melting EFQ 
\ ^^raduall}' advance; and when it hafl attained its permanent 
ition, the angles CFG = ^,, and A FE = i^j are tu !« 
uiired. If the experiment linn In*en skilfully f)erfoniied, the 
) linee BF. FG will be very straight and clear, permitting of 
enuination of the angles to a fraction of a degree. As an 
certainty of J of a degree in the angles entails an uncertainly 
ibout 2 per cent, in the ratio of the conductivities, the method 
kes a reasonable approach to aecuracy. 

rhe line ot meltiiig ia an isothermal line (having the uniform 

ipcrature of tlie melting point) ; and the lines of flow of beat 

perpendicular to it ; hence (p, and <p^ are llie incliiiations of 

']peB of flow in the two plat«s to the nomiul to the surface 




tion (that is to the line marked n in fig, 22): and, by the 

w' for change of direction of lines of How in passing 

B isotropic Wly U> nuotlier of different conductivity, we 



t F iUdow tlie Hux if boat vt any point ot « wliil uiDilucMr, ftnd # th« 
li it mkkvs H-ith tbv n»i-nuk1 in the aurfnce (i( jnuction with another 
aompotinnt Uux kIoiij) tlip normal U /*<;□»« anil th« conipaoeot 
1 to ttia vurface ot junotiou Fun «. The former hu the aame I'alue 
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TJie throe glaaaes were o-imliinml two togetlicr in each of tht- 
thrtw poHsiblu ways, the triangles being isoeceles, so that the jiluUs 
were square. Eacli ptate furnished two ubservalions ; heat being 
tipjiliett first to the one nide and then to the other of the Iwttcr- 
cndiictjnji triangle. Fig. 2:t ri-priwcnts one of the siiiiare jilates 




iiift)j;nifieil iiliuul three limes. The lovver side and the risbt wife 
are tiiose to which h(!at liat been applied. The cooling wa 
offected very slowly, and tht: crystals formed were coiistiquently 
lai^. The Hnes i»f melting were remarkably fine and ahiirjj; an 
inadequate idea ot their sharpiies.^ is given by the representation. 
The following were the angles (0) and 0^) observed in iLeae 
si\ determinations: 



21 


20 


■45 -a" 

47-0° 


M-8° 
37-1 ■ 



on both aldet of the junction (othornrUe the tempemtarc of the jnnettMi wooM ' 
not remiiD iteaiiy) : itnd che Utter varies directly is the conduetiviliM [■inet 
the temperature- (gradient aloiifj the juai^tjon is FOmoiuii to the ItFO boitiea). V« 
have thua the two eq a at ions 






A'l 



in «,_/■,« 



wliioli, by diviaion, glvi 



:■?■] 



K^ 



w 
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jT. 


Ob««rv«<). 




a 


1 ^ 


Ha + l') 




19 


20 


2-035 


1 

1 1-877 


1-950 


1-947 


19 


21 


1-387 


1-332 


1-349 


1-355 


21 


20 


1-469 


i-*ia 


1-443 


1-430 



The values of the ratio KJKj resulting from these deteriniiia- 
ticma, according to equation (5), are given in the tollomn^ tiible; 
the values beaded a being derived from the upper, and thoae 
headM) b from the lower line of the above table. 

I a + /') iB the mean of the two directly observed vnlties of the 
ratio. The values headed " Calculated " aie the values of 
nach ratio as computed from the other two. The a^j^reeuieul ia 
very close. 

Using I'aalhorn'fl deteruiinalion "002267 of the vhIup nf K for 
Bk^ass 19 = 5. we derive from the aliove values of J(a + i), 

It is, however, to be rememltei-ed that the glasses employed by 
Voigt (from which the ratios were derived) were not quite 

Eical with Winkelniann's 1!>, 20, 21. 
, Xaothermal Method extended to 26 Glasses. Aluie 
tly Til. M. Focke,' on the suggestion and witli the assisUiuee 
of Voigt, has applied the method of iaotherms to the 25 Jena 
IjCluwe numbered (by Wiukelmann) 19-3;!. 38. 86-94. Tu 
deduce their absolute conductivities, he determined, by a melho«l 
which had lieen suggestetl by Voigt and employed by O. Veiiske * 
for some preliminary measurements, the absolute conductivity 
(whit^ we shall call K^) of a selectmen of p]at*i ulasa. and found 
it to be 

A". = -002454. 



w. 


K 


<3U 
31 


■001159 
■001680 



' Ann. <L fAy*. u. Chtm.. 67, 132 (IH^a). Inaug. Dincrt. (Iultint;Bii. 
'GauingBrXMhrichran, 1NH2, 121. 
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Comparisons were made, by the method of isotherms, between 
this glass (of relatively high conductivity) and each of the 25 ; 
also (as a check) between each of the 25 and one of the others. 

The double plated were square, and of from 2 to 4 sq. cm. area. 
They were warmed on a water bath, coated very thinly with 
shellac, and then with the melted mixture of elaidinic acid and 
wax. The shellac caused the acid niixtui*e to adhere better. A» 
soon as a plate was coated, it was cooled on a metal stand ; the 
cooling being effected quickly in order that the crystals formed 
might be small. The plate after cooling was pressed at one of 
its edges against a block of copper at 60° or 80° C. When the 
melting had advanced about 4 mm., the plate was removed from 
the heater and cooled slowly. As the crystals formed during 
this slow cooling were large, there was a well-marked distinction 
between the part that had melted and the part that had not. 

For measuring the two angles (f)i, <p2 (fig- 24) made by the 
two isothermals with the diagonal, a Norremberg polarisation 





a 



Fi.J. 24. 



apparatus was used, tlie analyser being replaced by a small 
telescope with well centred crosswires. The plate was laid on 
the stage of the apparatus, and illuminated by reflection from a 
small mirror below. Wlieu the flow of heat was from the better 
conducting half to the worse, the isothenns were nearly straight 
and the measurement was easy. When it was from the worse to 
the l)etter conductor, the isotherms were curved and the measure- 
ment was more difHeult. After some practice, however, it was 
found possible to make fairly accurate measurements, even in 
this case. 

Reduction of the Experiments. Fig. 24 shows the two 
cases. In case a, which we shall call " the first ariungement, " 
the flow of heat across the diagonal has been from the better 
to the worse conductor. In case h, which we shall call " the 



J 
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( arrangement," its How aci-oes the ilif^oual has been from 
sue to the better conductor. 

i Brat ineaaurementB were all made with the firet arrange- 
In some cases, in which the difference of condiiclivity 
pall, both arrangementa were employed, and it was found 
be second arrangement gave a ratio of greater inequality 
ttte first, the discrepancy averaging about 10 per cent. 
when two glasses were compared with the standard glasB 
itb each other, the results were generally inconsistent, 
"example, glasses 21 and 91 gave 

KJK^= '802, K„IK^= 'SOS, 
', by division, 

/f„/A"„ = -888, 

ke direct comparison gave 798. 

BBipts to explain and i-emove these discrepancies' were not 
loceaaful ; and a coniproniise was made by adopting, instaad 
^/tan <j>^ given by the first arrangement, or tan ^//tan^j' 
iy the second arrangement, the iatei-mediate value 

/Ti^ tan^i + tan^/ 

K^ tan0(-i-tan0, *^ ' 

I Bemlte are collected in the following table. The first 
B gives the designations of the two glasses which cAmpose 
ble-pUte. Ttie second column, headed " Observed." gives 
MD values calculated by equation (6). Each set of three 
fetjve comparisons consists of comparisons of two glasses 
be atandanl. followed by their direct comparison with each 
The discreiMinciee, if examined, will be found to I>e small ; 

f dcBota the ooDibotiTit; of the iutorveiiiiig •helkc ; b, p and a', ff the 
pade by the iiotbtirtn in ths ahellai: with the aurfaoes of the pUtea 
; liioory givo* 

Up »i ^ JTi ^ 



t, olrinit to irre|{uUrily in the Bhellac (whiiih showed ni 

G kngle* were not ct]aa], but a<p, and ii'>ff. The two 
J (or KjIKf would then be uneqamL We twre omitted fig, SB, 
• thia point.) 
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and Focke has smoothed his results by ascribing equal errors to 
each of the three comparisons. The smoothed values thus 
obtained are given in the column headed "Calculated." This 



Plate 


Obs. 


Calc. 


1000 iC 


23.0 


0-831 


0-832 


2-041 


25.0 


1-001 


1-000 


2-458 


23.25 


0-831 


0-832 




31.0 


0-737 


0-741 


1-819 


87.0 


1-062 


1-056 


2-591 


31.87 


0-846 


0-837 




21.0 


0-850 


0-857 


2-103 


91.0 


0-986 


0-978 


2-399 


21.91 


0-884 


0-877 




27.0 


0-807 


0-805 


1-974 


89.0 


0-971 


0-973 


2-387 


27.89 


0-825 


0-827 


— 


20.0 


0-649 


0-650 


1-595 


90.0 


0-968 


0-967 


2-372 


20.90 


0-673 


0-672 


— 


22.0 


0-780 


0-785 


1-927 


93.0 


0-898 


0-904 


2-222 


22.93 


0-886 


0-880 


— 


24.0 


0-835 


0-833 


2044 



Plate 


Obs. 


Calc. 


1000 ilT 


94.0 


1-016 


1-017 


2-495 


24.94 


0-818 


0-819 


— 


26.0 


0-816 


0-816 


2-003 


29.0 


0-982 


0-981 


2-407 


26.29 


0-833 


0-832 


— 


30.0 


0-860 


0-867 


2-128 


88.0 


1-027 


1-019 


2-499 


30.88 


0-859 


0-852 


— 


32.0 


0-811 


0-822 


2-016 


38.0 


1-008 


0-995 


2-442 


32.38 


0-836 


0-826 


— 


33.0 


0-698 


0-699 


1-715 


92.0 


1-005 


1-002 


2-462 


33.92 


0-698 


0-697 


^^^ 


19.0 


1-111 


1-105 


2-712 


28.0 


0-915 


Of 25 


2-269 


28. 19 


0-846 


0-837 


— 


86.0 


0-896 


0-892 


2189 


86. 19 


0-804 


0-807 


— 



description does not apply to the last five comparisons in the 
table, which relate to the last three glasses and have l)een 
smoothed by the method of least squares. 

The entries in the last column, when divided by 1000, are the 
absolute conductivities (of the first named glass in the first 
column). They are found by multiplying the smoothed values by 
2-454, which is 1000 times the conductivity of the standard glass. 

Influence of Chemical Composition. In continuation of 
Winkelmann's list (Art. 67), the following table is added for 
the three glasses 92-94 : 





65-9 


B0O3 


ZnO 


Alfl, 


As-Pfi 


6-3 


K,0 


Sh.p, 


92 


'23-5 




^-^^ 


0-8 


3-5 


93 


53-5 


20-0 










6-5 


20-0 


94 


63-37 


11-0 


12-0 


4 


0-6 


9 




— 
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Focke, in deducing from his rcHidta a linear formula for llie 
conductivity of a glass in temis of the percenlajfee of its 
constituents, obtained tbe coefficients given in the last column 
of the following table. The coeliicients obtained by Paalhorn 
and by Wiukelnmnn (see Art. 93), are prefixed for comparison : 



Oride. 


PtuJhorn. 


Winkelroann. 


Focke. 


.aio. 


22.10" 


■M. 10' 


31-56. 10- • 


Brf), 


16 


IS 


20-02 


ZaO 


11 


10 


12-05 


W FbO 


8 


8 


12-40 


■ MgO 


8-2 


8-4 


37-13 


^L 


■2n 


■20 


23-89 


^ A..0. 


•2 


2 


-131-7 


^^^^b w.r» 


11 


10 


iis» 


^^^m N^ 


IB 


16 


7-03 


^^H K^ 


1 


1 


5-96 


^^^^m .wi 


32 


3-2 


»W 


^^M PA 


16 


16 


- 


^^^^ NV>. 


~ 


- 


•2-S2 



Focke's coefticients give fair agreement with observation for each 
of the 25 glasses, as is seen by comparing the column headed 
" Calcnluted " in the following table with the preceding column, 
which contains the observed values. The last column ooutains 
the differences (observed — calculated) expressed aa percentages. 





«X»K 


Ctic 


Diff. 




2-71 


2-72 


-0% 




1-60 


1-62 


-1 




SIO 


213 


-1 




t-9S 


1-94 


-1 




filM 


1-98 


+ 3 




t4t 


a-00 


*2 




T4A 


2*4 


+ 1 




a-oo 


l-M 


+ 3 




i«i 


\VJ 







««? 


2-32 


-3 




2><l 


2-42 


-0 




fi-U 


s-oe 


+ 2 




t-flS 


i-aa 


" 



Ho. 


lOOOJT 


CbIo. 


Oiff, 


32 


2-02 


2-08 


-3% 


33 


1-72 


I -78 




38 


2-44 


2-48 


-2 


86 


2-lS 


2-1B 




W 


2-60 


2-48 


+1 


H8 


2-flO 


2-49 


+« 


HO 


3-39 


2-38 


+ 1 


90 


2-87 


2-42 




91 


2-40 


2-49 




92 


2-46 


2-SJ 


-2 


93 


2t£ 


2-18 


+ 2 


9* 


2>m 


2-46 


+ 2 
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A, B, etc. (fig. 26) with steady flow of heat perpendicularly 
through them. Let their thicknesseB be (Ii, (2«| ... (2«; their 



B 



Fio. 20. 



conductivities K^, K2 ... K^\ the temperatures of their junctions 
<!, ^2 ... ^„_i, and of the first and last surfaces T, t 

The flux of heat F per unit area will be the same for all the 
layers, and is given by 

F=K.-~-*^ = Kj-^^^etc (3) 

Hence we have 

T^f^ = ^ F; /i — ^2 = ^-/^...; tn-i — t — ^ F; 

and by addition, 

^-^={K+K+--^ry ^*^ 

If the layers were replaced by a single uniform layer of the 
same total thickness 2?, and of such conducti\ity -K' as to give 
the same flux of heat F, we should have 

A 

Equating the two values of — , we have 

Jr 

l>_d^,d^, ,dn ,.. 

- ill Ag A„ 



■>^ 
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which is equivalent to (1), niiice t^IOO ib the voUinie pei-centjige 
of the first layer, y^lOO thai uf the second layer, anil so on. 
Thwe being the values of b„ b^, .... we must have 



and st> ou. 

97. Coefficient of Cubical Expansion of Olass; and its 
Dependence on Chemical Composition. The ouiiical expansl- 

biUtifs of the <;!iLssra :i!MiS in Wiukchiiaiin'H list have been 
liutemiinwi l>y Winkelmann, Straiil>el, I'ulfrich, and Weidniaiin ; 
and the resulte have heeii published by Scliott' together with the 
chemical cuiiipoBitioDS of the glasses. The following table contains 
the ooefiicieutfi thus determined. The first column, headed W, 
contains Wiuketnmnn's nmnbers for the ^la-sses; the second 
ctdumn, htuuled S, the oliserver's name abbreviated: the third 
olumn, headed Uf, indicates the method of observation. A 
denoting the Abbe-Fizeau method,' and D, Dulong and Petit'a 
method, by filling a glass vessel with mercur)-.' The lettei« in 
the next column, headed K. indicate the mode of cooling of the 
glaKs from the red-hot condition, denoting the cooUng-oven, 
L open-air cooling, K fine-cfioiing in the thermo -regulator. The 
, headetl " Interval " gives the initial and final t^mpera- 
• : and it will be noticed that their mean is, in every case, 
t far from 50° C. The coefhcient of linear expansion l>eing 
1 by a, the coefficient of cubical ejcpansion is Sa, and ita 
> multipUetl by 10^ are given in the next column, headed 
rved," the onlcr of arrangement being from the least to the 
Rchott remarks that the differences are much larger 
^ jtt tlw case of onlinary glasses. 

I are not umny IxMiies with such smaJl expansibility as 
13 liorate glass No. 39; on the other hand the alumina glass 
L 68 is nearly as expansible as iron and nickel. 

' Fonnni in r«rtiii mr B^tird. d. OtiPtrbJUUMM. Berlin, 1892. 
*\Vinkelro., llandi.. II. -2, M. 
' Winknlm., UaHM. II. S, 48. 
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Schott has also investigated the dependence of ei^Minsibility on 
chemical composition ; and has pointed out the influence of the 



w. 


B. 


M. 


K. 


Interval. 


SaxKP 


1 
DifL 


Obs. 


Calc 


39=11 


P. 


A. 


R 


10"-35 92'-88 


110 


110 


+ 0% 


40=12 


i> 


»» 


L. 


12-67 -89-78 


137 


149 


- 9 


41=21 


>» 


>i 


0. 


7 16 -91 -8 


167 


175 


-11 


42 


Wd. 


>f 


? 


0-100 


161 


162 


- 1 


43 


»» 


>t 


B. 


>» 


168 


168 


+ 


44=36 


w. 


D. 


L. 


>» 


177 


194 


-10 


45=2 


p. 


A. 


B. 


14*4 -94-4 


202 


191 


+ 5 


46 


»> 




0. 


15-7 -92-2 


236 


244 


- 3 


47 


»» 




>> 


12-9 -97-6 


238 


241 


- 1 


48 


>> 




R. 


18-9 -931 


238 


220 


+ 8 


49 


» 




tf 


17-5 -94-9 


239 


240 


- 


60 


»t 




0. 


19-8 -94-5 


241 


251 


- 4 


61 = 6 


>> 




If 


14-6 -92-2 


241 


254 


- 5 


52 


» 




>t 


18-7 -90-5 


265 


272 


- 3 


53=13 


>« 




R. 


20-3 -92-2 


261 


246 


+ 6 


54 


»» 




0. 


9-95 -93-3 


270 


240 


+ 11 


55 


ti 




ti 


15-65-94 -2 


271 


263 


+ 3 


56 


»» 




R. 


17-9 -97-2 


'275 


254 


+ 8 


57 


f > 




»» 


17-7 -92-7 


279 


295 


- 6 


58=20 


)* 




0. 


24-5 -84-0 


280 


256 


+ 9 


59 


w. 


D. 


L. 


0-100 


290 


284 


+ 2 


60 


p. 


A. 


0. 


170 -95-5 


289 


263 


+ 9 


61 


s. 


D. 


L. 


0-100 


292 


314 


- 8 


62 


I» 




»f 




300 


294 


4 2 


63 


»» 




a 




305 


289 


+ 5 


64 


11 




»» 




305 


294 


■f 4 


65 


»l 




it 




314 


327 


- 4 


66 


If 




»t 




324 


319 


+ 2 


67 


p. 




»» 




328 


330 


- 1 


68 


)l 


A. 


0. 


17-8 -96-.'» 

1 


337 


355 


- O 



alkalis in promoting expansibility. He remarks, in connection 
thei"e\vith, that sodium and potassium are highly expansible 
metals. 

Winkelmann and Schott have since published ^ the following 
coefficients by which the percentages of the constituent oxides 



1 ^nn. (L Phytu «. Ckem., 51, 735 (1894). 
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multiplied, ill order to obtain, 1>y addition, the value otm 

I the cubic expftusibilily 3n : I 

SiO, =0-8 HbO = ;i-o I 

lljO, =01 Na„0 =10-0 I 

ZnO =1-8 K,6 = 8n I 

PhO =;{0 faO = 50 I 

MgO = 0-1 P.,0, = I'-O I 

AljO, = 50 Li,0 = 20 1 

AbjO^ = 20 J 

ngeruent in order of maguitude, begiuiiitig with tbel 

is NajO. KjO, CaO. AljO,, BaO, PbO, AbjO^, Li,0, PjOj, I 

D^ MgO. H^Oy I 

colnnui headed " ('alculated " contains the results of 1 

Dg tl]e above coetlicient« iu conjunction with the list I 

itages iD Art. 67, which is taken from the first of the I 

era by Wiukelinann and .Schott mentioned at the be- I 

of the article, An earlier list published by Schott, in J 

iv mentioned in Art. 4, shows some slight dilTerences ; I 

1 small quantities not exceeding 02 per cent, being given I 

gredieut of several of the glasses. Again, in the second I 

iro papers by Wiukelinann and Sehiitt, there is a diffei-once I 

ise of glass 61, which, instead of 15 per cent, of AljOj, I 

to contain 15 per cent, of BjOy The calcuhited value 1 

this gloss will be changed to :107 by this aubstitution. 

column gives the difference (obs. — c^le.) expressed as I 
tUge of the ohseri-ed value, 1 

nflnttiee of Stress on Expansibility. Three of the 
Nos. 44, 51, 56, were also u-sted for ttX))auBibility in 
conditions of stress. The c[iiicker a glass is cooled, the 
is the stress left in it after cooling. In his p«ipev, 
id in Art. 4, Schott expressed the view that, with 
g stress, the eoetlicient of exiwiiision probably increased 
id adduceil the following oleervatious on these three j 
I BSpport of the view. | 

lugeneee of the difference, in the ctise of glass 56, is ' 

by Schott to the circumstance, that the solid glass 
tt employed in the Ahlie-Fizeau oWrvutioits, had stronger 
them Chan the thin-walled vessels, employed in the 1 
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Dulong-Petit method. The rapidly cooled cylinder which gave 
the value 289 was cut from a glass rod 20 mm. in diameter, 



w. 


Observer. 


Method. 


Cooling. 


SaxW 


44 


WiDkelmann 


Dnlong-Petit 


Thermoregulator 


171 


it 


»♦ 


>> 


Free air 


177 


51 


Pulfrich 


Abbe-Fizeau 


Cooling oven 


241 


tt 


Winkelmann 


Duloog-Petit 


Free air 


244 


56 


Pulfrich 


Abbe-Fizeau 


Thermoregolator 


276 


ti 


t> 


f f 


(See below) 


2S9 



which, after l)eing drawn in the plastic state, was allowed to cool 
in air. The following is a fuller account of its behaviour, as 
observed by Pidfiich and quoted by Schott. 

Its ends were originally giound perfectly flat, but, after the 
cylinder had been kept for some time at 96° C, were found to 
be distinctly concave, showing that the thermal expansion parallel 
to the axis increased from the axis to the circumference. 
Measurements made at different distances from the axis gave 



Distance, i .3a xUf 



mm 
10 



277 
302 
327 



When the cylinder had cooled down, the ends were still concave. 
After being again ground flat, they remained flat after thra^ 
hours' immersion in boiling water ; and a determination made in 
tlie usual way gave '^u x 1 0^ = 289. 

The cylinder, with its ends still plane, being then immersed in 
oil at 200° C, again showed concavity at the ends. The concavity 
was sensible after five minutes, and after an hour became constant. 
Similar results were obtained with other glass cylindei'S. 

These experiments show, iis Schott remarks, that a permanent 
small deformation of the elementary portions of the glass is 
possible at temperatures far below the softening point. Much 
depends on the composition of the glass. A cylinder of the l)aryta- 
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Iwrodilicate (free from alkali) iimiil>ered 12 = 40 hy Winkeliuaiin, 
ami having the trade nunilrer liil'", preserved perfectly the 
planeness i)f its ends after heating, although it wafi in a highlj- 
Btreased condition. 

Schott suggests that phenomena of this kind play a jiart 
in the clinnge of zero of mercury thenuometera, and that they 
also explain the fretpieiit failtire of attempts to make truly 
spherical veesels of stressed glass. 

In previo«3 investigations of the thermal expansibility of glass, 
no precise information as to chemical composition has usually 
gliven. Re^naiilt, however, in his research on mercnr}' 
momelers,' gives the jiercentage wmpoaition ^ of the eleven 
: whose exjwnaionB he detenuiued. Four of the eleven, 
having tlie same origin and only alight differences in 
compfwilton, ahoweil consideralile ilifTerences in expansion. This, 
as Schfitt remarks, can be explained iiy supposing that they had 
fcnn cooled under different onditiona. 

^p9. Change of Coefficient of Expansion with Temperature. 

«OT one of the glasses included in Schott's list of Art- 97, namely 
Ko. 52. Pulfrich's olservatiiins had shown a distinct increase of 
Uie coetficieut with tempenitiiri'. He found 



loternl. I SaxlO' 



« 18*-7 
o80°-5 



iller obnervations on the course of thermal expansion in 
i from 0" U> 100' have been carried out by M. Thiesen 
L Scheel, and at higher temperatures by E. Reimerde«. 

t of Expansion from 0' to 100". Thiesen and Scheel's 

rvttiii'tiN^ wen- taken at tlie lieidisanstalt, and relalti to three 

used for the constnictiou of high-class thermometers ; 

ily. the Krench hanl nhiss known as iwty iliir, of which 

m pBrtlentkn ue giveu in tull iu WinkelioiiuD'i IlamU. d. Pby,... IL 2. C2 1 
Mkr./. ItulrKnir/itlrnkuiidr, 1892. 29». 



220 JENA GLASa 

Tonnelot's thermometers are made, and the two Jena thermometer- 
glasses numbered 44 and 51 in the list of Art. 67. 
The verre dur had the following composition : ^ 

SiOj. MgO. AlA- NajjO. KjO. CaO. 

70-96 0-40 1-44 1202 0-56 1440 

The number given for AlaOg includes oxide of iron as well as 
alumina. The glass is not very different in composition from 
ordinary window-glass. 

The specimens employed were capillary tubes a little more 
than 1 m. long and about 5 mm. in external diameter, such tubes 
as are used in making thermometers. A portion about 1 cm. 
long at each end was reduced from the cylindrical to the hemi- 
cylindrical form 'by grinding away half of it ; and the flat surface 
thus obtained was etched with five divisions half a mm. apart, 
the central division being about 1 m. distant from the correspond- 
ing division at the other end of the tube. 

Three series of comparisons were made. In each series one of 
the tubes was kept at a nearly constant temperature of about 
25°, and another tube, at the successive temperatures 0°, 25°, 50', 
75°, 100°, was compared with it. The tubes were kept at these 
temperatures by floating them in mercury -troughs, each tube 
being (by means of two corks) held down in immediate proximity 
to the thermometer which indicated the temperature of the 
mercury. The actual data of observation are given at length in 
the published memoir. 

For expressing the results, the formula 

was employed. The mean coefficient of expansion from 0° to / 
is a + ht, and the true coefficient of expansion at f is a + 2ht. 
The first calculations of the values of a and h were affected bv 

« 

the circumstance that the periodic errors of the micrometer 
screws had not been determined. A recalculation, after this 
want had been supplied, led to the following values, which ai-e 
taken from a communication bearing the names of Thiesen, 
Scheel, and Sell.'-^ The first table is applicable when t is 

^ Ber, d. Berliner Alcad., 12 Nov., 1885 ; see Art. 111. 

^ Wisaennch. Ahhandl. der ReichmnMcUt , 2. 73 (1895); also Zeit^hr. /. 
Instrum,, 16. 54 (1896). 
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expreesed in degrees of the mercuiy thermometer of Jena normal 
glass 16^^'. The second table is applicable when ^ is in degrees 
of the hydrogen thermometer. 

Mkrcury Thermometer of Glass 16"'. 



Mark 


W. 


10" o 


10" 6 


69"' 


44 


566-5 


0-272 


16"' 


61 


768-9 


-387 


Vtrre dur 




738-5 


•390 



Hydrogen Thermometer. 



Mark 


W. 


lOPo 10*6 


69"' 

16'" 

Verrt dur 


44 
61 


568-0 
772-3 
741-7 


0-245 
•350 
-.S55 



For the cubic expansions of the three glasses, there resiilts 

with j4 ^3a and B = 3(a* + 6), giving, for the mercury-thermo- 
meter scale. 



hydrogi 



Mark 


lOP^ 

1696-4 
2306-6 
2215-4 


lOPB 


69'" 

16"' 

Verrt dur 


0-828 
1-181 
1-189 


en scale, 






Mark 


10^i4 


WB 


69'" 

16'" 

Verrt dur 


1703-9 

2316-7 
2225-2 


0-746 
1-071 
1-083 



It may be assumed that these values of expansibility include the 
thennal after-eflTect [Nachwirkung], as the rods were maintained 
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for a considerable time at the temperatUfes of observation before 
the temperatures were taken. 

Normal Expansion and Principal Expansion. In the 

nomenclature adopted by Thiesen, Scheel, and Sell,^ the whole 
expansion from 0° to f is made up of two parts : the principal 
expansion and the after-effect; so that if At + BP^ is the full 
amount of expansion when sufficient time is allowed for the 
after-effect to be completed (called the normal expansion), and if 
At + Ffi is the after-eflPect, then (^-^> + (5--B>* is the 
principcU expansion [Hauptausdehnung]. The constants A— A' 
and B—B' are to be employed instead of A and B for computing 
the expansions which accompany sudden changes of temperature. 
Employing for the three thermometer-glasses the values of 
A' and B\ given in next chapter (Art. 114), we obtain, for the 
intervarO°— 100°, 

For Hydrcxjen Thermometer Scale. 



Mark 


W. 

44 
51 


W{A-A') 

1695-8 
2306-5 
2209-3 


KfiiB-R) 


59"! 

16"! 

Verre dur 


0-770 
1-022 
1-068 



We may so far anticipate as to say that the determination is 
made by comparing the volume after cooling to C with the 
original volume at 0°. 

Expansion of Olass from 40"^ to 220°. The investigation 
carried out by Reimerdes ^ related to the three glasses with the 
trade names, 0. 802, 0. 627, 0. 1552. Their chemical composi- 
tions, which are here given, differ little, if at all, from those of 
tlie glasses 5, 49, 28 of Winkelmann's list (Art. 67); so they 
may also be designated by these numbers. 



Mark 


VV. 


SiOa 


B0O3 


ZnO 


AlA 


A83O5 


BaO 


Na^O 


K2O 


MnA 


0. 802 


5 


70-83 


14 


^^^_ 


5 


01 


mm^^^ 


10-0 


0-07 


0. 627 


49 


68-24 


100 


2 


— 


0-2 





10-0 


9-5 


0-06 


0. 1552 


28 


64-72 


2-7 


2 


— 


0-5 


10-0 


5-0 


15 


0-08 



» ZeitHchr.f. Instmim., 16. i>0 (1896). 

^ Atisdehnung des Quarzes. Dissertation, Jena, 1896. 
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1 Aljije-Fizeau method was employed ; Imt instead of tlie 
lable with screw feet, wliieli was fuuiid uusuitable, a quartz 
W naod as the comparison body. It waa therefore iieceseary. 
<eliuiiiiai'y to the principal meaamenients, l*> determine the 
nf expansion for the quartz ring. The determination of 
un the temperature of the room up to 230°, fonns tliere- 
9 fii«t part of the record. The mean linear coetiicient u 
fa glass was then determined for four (in tlie case of glasK 
P five) partiiJ intervals nf tempemtnre, lying between the 
BS 40* and 220" or thereaWits. 

■fancy of temperature was maintained by meaoH of a 
Itat of the d'Arsonval constniction tilled with Unseed oil, 
nnibber membrane bein>j replaced by a steel diaphragm, 
formauce was at first very gooii, but waa gradually impaired 
tated and long-continued heating to above 200"; and in ' 
er observations on the glasses it did not afford sutfieient 
f for the desired constancy. Au element of uncertainty 
itB uitrutluced into the measurements. From the values of 
Ded directly from the observations, the values of a and b 
formula 

a = a + -2ht 

»duce<i. The resulls are containcl in the following table: 


W. 


Ufa 


11 «b 


t 


IV* 


Diff. \ 


OlM. 


QOo. 


t B 
28 


5104 
724H 

8S7-it 


0-482 
IDl" 


34-81 
92 33 
148-93 
212il0 
38-90 
551(1 
Wfll 
151-25 
217-45 
37-36 
02-91 
161 12 
212-34 


527 
552 
586 
612 
764 
782 
B26 
879 
937 

m> 
um 
urn 
nil 


527U 
65f9 
582-2 
012-0 
7«-8 
780-6 
820-7 
877-7 
944 -6 
9-29-2 
91I0-4 
l«i4-6 
11221 


- 0-2 

- 2-9 
+ S-8 

- 0-6 

- 0-8 
+ 1-4 
+ S-3 
■I- l-S 

- 7-« 

- 8-2 
+ 1S-« 

+ a-4 
-111 


LlM^pemtDfe in the column h»ided t is llie mean Una- | 
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perature of the interval to which the number standing opposite 
to it in the next column (headed " Observed ") belongs. The 
numbers imder the heading "Calculated" are derived from tlie 
formula a + 2&^. 

100. Compensation Vessels. Schott has pointed out that it 
is possible, by suitably combining an outer containing vessel of 
high expansibility with an inner displacing vessel of low ex- 
pansibility, to obtain compensation of expansions, so that the 
remaining volimie is independent of temperature. 

Let Vj be the capacity of the containing vessel, 

t'a the volimie of the displacer, 
Qj, Qg their coefficients of linear expansion. 

Then the simultaneous increments of v^ and v^ for a small rise 
of temperature will be as a^v^ to a^v^ ; and if these increments 
are equal, the remaining volume will be unchanged. The 
condition to l>e fulfilled may be written 

Og tti aj — «! 

the constant volume being v^ — v^. 

By reversing this arrangement — that is, by making o^ greater 
than tto, the changes in the remaining volume v^ — v^ can 1^ 
exaggerated, and may even be made so great as to compensate 
the expansion of a contained liquid. The condition for this, if 
y denote the coefficient of expansion of the liquid, is 



or, 



v^ v^ _ i\-v^ 



y — 3ao y — tia^ "Sa^ — 3a2 

A suitable combination for either of these purposes woidd be 
102"^ with 59"' or 121"', or, in Winkelmann's numbering, 
68 with 44 or 40. 

101. Compound Class [Verbundglas]. In discussing the 
unequal expansions of different glasses, Schott, in his paper of 
1892,^ gave some information respecting compound glass. 
Experiments were made to ascertain how two glasses of different 

* Vortrcig im Vfreiti s. Befird den Getcerbfl., 4 Apnl, 1S92, p. 11. 
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Krasibilities behave wheu one is auperposecl upon the other in 
blowing, so as to give a glass composed of two dissimilai' layers, 
results showed that certain received views are only true 
1 n qualification. 
It }x&8 been an accepted rule with glass makers that, when 
an article ia built up of portions of material taken separately 
out iif the melting pots, all the portions must be of similar 
composition, and if possible from the same pot. In the 
CAses in which it ia necessary to unite two glasses of different 
composition — for instance, in makiug glasses with coloured 
coatings, or glass tubes with streaks of white enamel, care is 
taken to employ two kinds which have as nejirly as iHiasible the 
same expansibility, ui order to prevent the product from flying 
to pieces in cooling." 

" Some trials which I made for the purpose of deciding whether 

two glasses of different expansions, if joined by laying one over 

the other at the pipe, will always fly to pieces in cooling, showed 

that tlie view hitherto prevalent is not altogether correct, tt 

was soon demonstrated that, by fulfilling certain conditions, it was 

poHBible to unite even glasses with considerable diOerencee of 

vxpansibility. The main condition concerns the relative thick- 

neeses of the two glosses." 

^L Let A and B be two kinds of glass, with linear coefficienla of 

^pttp«ni«ion a and ^3, a being the greater. If they are welded 

B'together when hot, so as to form two layers of a single plate, 

then, when the plat« has cooled, A will be in tension, and £ in 

UiruaL If the double layer is di-awn out into a thread, the 

litread, as it cools, curls up, n-ith A on the inside. 

In general, the intensities of the stresses in a compound glass 
oie difficult to specify. They depend, not only on the coefficients 
a and /3, but also on the moduli of elasticity and Pnisson's ratios 
(if the two glaasee, on the thicknesses of the two layers, and on 
the fonn and dimensions of the vessel composed of them. The 
ressel will fly to pieces if the tension in A exceeds the tensile 
strength of A. or if the thrust in B exceeds the power of 5 to 
nH8t onwhing. As {lower to resist crushing is much greater 
than power to resist pull, the layer A is generally the one that 
hraaks down ; and to pre\'ent this, it should be maile thicker 
Ifaui the layer B. For example, if A is the " normal ther- 
Bometer fHam" 16"', and B the thermometer glass 59'", so that 
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3a = 241 X 10-^ 3/8=: 177 x 10-^ a tube or hollow Teasel made 
of the compound glass, with A outside and B inside, should have 
the layer A from 10 to 15 times as thick as the layer J?, to be 
secure against flying to pieces in cooling. 

If a lump of glass is heated till it is soft, and then quickly 
cooled, the outside solidifies while the interior is stiU soft. The 
subsequent complete cooling will produce thrust in the outer 
layer, just as cooling produces thrust in the layer £ of the 
compound glass. Every layer in a state of thrust, no matter 
how produced, will necessarily exhibit an enhanced power of 
resisting pull; as well as greater power of resistance both to 
scratching and to sudden cooling. The well-known properties 
of the so-called toughened glass [Hartglas] fulfil this anticipation. 
A layer in thrust — in whichever way produced — ^may therefore 
be called a tmcghened layer. 

When a lump of glass, by quick cooling, has covered itself 
with a toughened layer, the interior of the mass must be in a 
state of extension. Experience shows that, in quickly cooled 
hollow vessels, the inner surface is in tension. Such a vessel 
behaves as if it were of compound glass with A inside and B 
outside. 

A layer in tension, however produced, behaves in the opposite 
way to a toughened layer. Its power of sustaining pull is 
diminished, and a slight scratch or sudden chill suffices to make 
it give way and to shatter the whole vessel. The so-called 
Bologna phial is the most familiar instance. A glass layer in 
this condition of permanent tension may very well be called a 
sensitive layer [Sprengschicht]. 

Adopting these designations, we may say that the resisting 
power of glass vessels against mechanical and thermal disturb- 
ances is increased by covering them with toxighened layers, and 
diminished by covering them with sensitive layers. 

In accordance with the above principles, there are two different 
ways of completely toughening glass vessels. One way is, to 
employ a compound glass A . B, putting the less expansive layer 
B inside, and to toughen the outside by rapid cooling in air. In 
carrying out this plan, uniform cooling of the whole surface is 
essential ; any considerable inequality of stress in the surface 
being an element of danger. The second plan is, instead of 
toughening the outer layer A by quick cooling, to cover it with 
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F 

^Hbt (if Biniiller expansibility. Ttie difficulty here is to make 
Vouter layer thin enough. 

Schutt hus shown that bot)i nieth(xl» can )je carried out, aud 
is applied the (irst to the uiaking of iioiliiig-tlasks, l>eakeri), lamp 
iiiineyB, and water-gauge lubes for steam boilers, He states 
at the boUiug-flaska, when heatwi till anihne boilB violently in 
em (boiling i>oint 184° C), may be aafely sprinkled ^with a fine 
t of cold water ; that the beakers can, without any protection. 
I beat«d over a Bunsen llame without crackiug ; and that the 
mp chimueya, while doing duty over an Argand bumor, can be 
rinkled inside with water without breaking. 

U may seem strange that a toughened glass is able to bear 
TUpt heuring on one surface, seeing that such heatuig increases 
e thrust already existing in the toughened outer layer. To 
iderstAnd the reason, it must be borne in minil that, when 
glass originally free from stress is suddenly heated on one 
line, the etfect is twofold: a toughened layer is formed on 
^harface to which heat is applied, and a sensitive layer 
Hhe other; and it is this other surface that gives way, 
Kosc p<^er to resist compression is many times greater than 
iwer ttj i(?sist extcu.fion. 

Oomiwiind Olass Tubes. Of the applications of compound 
»«« which have been introduced subsequently to this first 
momicement, the most important is the construction of water- 
,U^ tubes for steam boilers. (i-laSB tubes which have lieen 
wly oooled as to be free from stresses cannot l>e used for 
e ; for the heating of thetr inner surfaces by the water 
I boiler converts their out«r surfaces into sensitive layers, 
I would give way on the contact of a drop of cold water 
id wunld lie even endangered by a draft of air. On the other 
ad. tubed merely toughened externally by quick cooling, if not 
oenively thin, have an extremely sensitive layer at their inner 
rf»oe». The compound glasses with l>otli surfaces toughened, 
tniduoed by Schott.' satisfy in a high ilegi-eo the requirements 

practifiv. Their power of withstanding changes of temperature 

ao great that they may lie heat«d in oil to 200° or 230°, and 
iinediately plunged upright into cold water, without flying. 
loOTding; to tests made at the lieichstanstalt, they may be 
[inlcled with drops of cold water when their iutemal tempers- 
' (iennftn pktent SISTS. 
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ture is 200°. Another good quality is, that they are only in 
the very slightest degree liable to be chemically attacked by hot 
water, as the inner layer consists of the thermometer glass 59°^, 
which has very great power of resisting the action of water. 

Compound tubes of this kind are also found serviceable for 
combustion tubes; as they can stand great pressure, and may, 
without preliminary heating, be played upon by the flame of a 
blast furnace. 

102. Power of Withstanding Inequality of Temperature. 
Coefficient of Thermal Endurance. If a homogeneous piece 
of glass, free from stress, is suddenly subjected to changes of 
temperature which do not extend to its whole substance, stresses 
are produced which are liable to become so great as to caase 
fracture. Experience has shown that different glasses have veiy 
unequal powers of withstanding such changes. 

Winkelmann and Schott have investigated, both theoretically 
and experimentally, a practically important case.^ 

Let a massive lump of glass be raised throughout to a tempera- 
ture Gj , and then immersed in a liquid whose temperature is 0° 
or at least is taken as the zero of reckoning. The temperature 
Gj is taken higher and higher till the glass cracks on immersion. 
It is required to find the relation of this critical value of 0^ to 
other properties of the glass. The following investigation may 
guide us in the inquiry. 

Suppose a very thick plate of glass, bounded by an infinitely 
extended plane face, and having the uniform temperature 0^, to 
have this plane face suddenly reduced to the temperature 0^ at 
the time ^ = 0, and permanently maintained at this lower tempera- 
ture. Let G denote the temperature in the glass at distance x 
from the surface at any subsequent time t. Then [according to 
Lord Kelvin's integral of Fourier's differential equation, Thomson 
and Tait, II. p. 474] the value of G is given by 



m 



e-e,=(e,-e,)~\e-'^d^, ,(i) 

o 

V8C 



Kt 
^Ann, d. Phya. u. Chem., 51, 730 (1S94). 
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s the deneity, and c the specific heat 
^ which disappears on putting 



JST being the conductivity, i 
of the glfiss, ^ is a t 
in the limiting values. 

For our purpose, only email values of t and ot x come into 
considorulion, and it is possible, for any assigned value of t, to 
ohooBe X so small that m is small. Expanding e''' and iutfigrat- 
inj[ between the limits, we see that, tor small values of m. the 
integral is sensibly equal to m. Writing m for it, equation (1) 
l>ecouie8 

(!) 



We shall assume that the lensioti produced in the surface is 
proportional to 

and therefore to nEin (9j — Oq), 



that is, to 



and a the coerticient of linear 



B denoting Young's modulut 
expansion for the glass. 

In cniupuring two glasses, if we take x and t the same for 
UiUi, the tensions in their surfaces will be the values of 



I 



BaE, 



■Vl.(e,. 



■e.), 



S being a conaWnt, the same for both. Fracture will occur it 
tile difference of temperature 6, — 9„ is sutticiently great to make 
ibis tension exceed the tenacity P of the glass in question. The 
,Hini*'h|r difference of temperature is therefore 

1 ^'"''• = BaA"V«! 



(3) 



Winknlmann ii 



id Schott acconliiigly adopt 

"=57^ 



-(♦) 



lU the meaflure of power to withatnnd intqvality of Umpfrature, 
and call it the thrrmnl coejicirnt of tndvtrancf [thermischer 
Widerotandakoe tlicien t]. 

If the cuetlicient of cubic expansion were written in the 
denominator instead of the coethcieat of linear expansion, F 
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would be divided by 3. The following list of calculated values of 
^F for the 20 glasses numbered 19 to 38 in Winkelmann's list 
(Art. 67) has been published by Winkelmann and Schott He 
values of the elements employed in the calculation are also givra. 



w. 


P 


1073a 


E 
7296 


10«A^ 


a 


c 


if 


19 = 6 


6-95 


183* 


2-267 


2-370 


0-204 


3-56 


20 


3-53 


280 


5088 


1-080* 


5-944 


0-079* 


1-17 


21 


612 


157 


5474 


1-644* 


2-758 


0-169* 


4-10 


22 = 2 


5-76 


202 


4699 


1-572* 


2-243 


0-218 


3-45 


23 


7-62 


195* 


7952 


1-610 


3-532 


0138* 


2-79 


24 


6*07 


260* 


5389 


1-365* 


3-578 


0125* 


2-49 


25 


8-51 


249* 


6498 


1-946* 


2-572 


0-201* 


3-23 


26 


5-39 


248* 


5467 


1-323* 


3-879 


0-118* 


2-14 


27 


5-66 


295* 


6780 


1-409 


2-588 


0189* 


1-49 


28 


6-76 


265* 


6626 


1-689* 


2-580 


0179* 


2*32 


29 = 8 


6-79 


263* 


6514 


1-905* 


2-629 


0191 


2-45 


30=10 


7-82 


368* 


6014 


1-605* 


2-518 


0-189* 


2-05 


31 = 13 


7-63 


261 


6296 


1-440* 


3-070 


0159 


2-51 


32 


8-32 


313* 


5862 


1-404* 


2-668 


0-178* 


2-47 


33 


5-32 


252* 


5512 


1-188* 


4-731 


0-096* 


1-96 


34 


8-16 


183* 


7001 


2-004* 


2-378 


0-206* 


4-06 


35 = 7 


8-35 


226* 


7077 


2 157 


2-479 


0-196* 


3-48 


36 


7-73* 


177 


7260 


2040* 


2-370 


0-205* 


3-90 


37 = 12 


7-75* 


137 


7232 


1 -729* 


2-848 


0-162* 


4*84 


38 = 6 


9 06* 


241 


7543 


2100 


2-585 


0199* 


318 



Those marked with an asterisk were not directly observed, Imt 
computed from the chemical composition of the glasses in accord- 
ance with formulae which we have given in previous articles. 
The column headed E contains the values denoted by E^ in 
Art. 72, except in the case of glass 30, for which E^ is given. 
The column headed F gives the maximum observed values of 
tenacity of Art. 69. The last column contains the values of J/, 
computed from the six elements P, 3a, E, K, 8, c. Eeference to 
the units employed in the articles from which these elements are 
quoted will show that the unit for JPis cm. sec."*. 

103. Experimental Tests of Thermal Endurance. Winkel- 
mann and Schott made experimental tests of withstanding power 
for inequality of temperature in the case of 13 different glasses. 
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tubes of tKe glasses were heated in water, or (when ■ 
ires above 100° were required) in glycerine, and then 
immersed in cold water, to ascertain the greatest diCFer- 
temperature they could bear withont cracking. The 
I wed that the more the difference of temperature 
that which could just be borne, the greater was tlie 
if cracks produced. 

cubes of 2 em. edge of glass 21, the following results 

With a difference of temperature of 94'''8, three 

; uninjured, and the other two showed a few 

The tliree then bore a difference of 96°*8; but one of 

in tested with a difference of 111" showed a verj- few 

The other two bore a difference of 103''5, and then 

One of them bore HO""?, but the other when subjected 

9 fiifference showed a few cracks. The difference 110°-5 

ifore adopted us the maximum for this kind of glass. 

BB presented themselves very similar to those which 

OUDtered in the determination of tenacity ; slight defects 

ice of a glass being found to produce very considerable 

of its withstanding power. 

tltowing table shows the results thus obtained for the 

; the values of J/" (from the table of Art. 102) being 

)d for comparison. They are arranged in descending 

F. 



w. 


ir 


8, for Cube whoM edsa u 


2 cm. 


lom. 


21 


410 


nirfl 


WS-i) 


■ 34 


1-06 




1481) 


19 = 5 


3-36 


95-5 


_ 


« = 2 


3-4A 


M-7 


loss 


9B 


3-23 


78-5 


lOS-S 


S> 


2-79 


70-9 


9U'fi 


S)=-1S 


2-Sl 


82-0 


BO-5 


H 


2M 


68-2 


B8-S 


98 


282 


7T-8 


SS-4 


SB 


214 


69'8 


88-6 


aa 


1-06 


66-8 


87-0 


B 


1-49 


_ 


821 


9D 


'" 


S28 


61 ■« 
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As stated in the early part of Art 102, 6^ denotes the 
difference between the temperature of the cold water in which 
the glass was immersed, and the temperature of the glass 
immediately before immersion. It is to be presumed that the 
temperature of the cold water was the same within 1*" or 2" in 
all the experiments ; and assimiing this to have been the ease, 
the order of arrangement for F should also be the order of 
arrangement for 6^. A glance shows that the order is on the 
whole the same; but there are some irregularities near the 
middle of the list, especially as regards glass 31, whose large 
departure from regularity the observers were not able to explain. 
It is, however, to be remembered that many of the elements 
employed in calculating the values of \F were not furnished by 
direct observation (see the asterisks in the table of Art. 102), 
and very precise agreement could therefore scarcely be expected. 

It will be noted that in every case the cube of 1 cm. edge was 
able to bear a greater difference of temperature than the cube of 
2 cm. edge. This, as Winkelmann and Schott remark, is in 
accordance with the familiar fact that the thinner a glass is, 
the better is it able to bear exposure to sudden changes of 
temperature. 

104. In connection with the question of the greatest dififer- 
ence of temperature between itself and a liquid in which it is to 
l)e immersed that a body can bear without cracking, it is 
pertinent to inquire what difference of temperature it can bear 
between the surface layer and its interior. 

If a body, raised to temperature 0^, has its surface so rapidly 
cooled to temperature 0^ that only a relatively very thin layer 
has changed its temperature at the time when cracking occurs, 
we may assume that the tension at the surface is a function of 
the difference of temperature 0^ — 0^. When the body is a 
sphere, this tension and its maxinnim value can be easily 
calculated. 

105. The surface layer of the sphere, being at temperature 0^^, 
and surrounding an internal sphere of temperature 0^, is in the 
same conditions of stress as a thin spherical shell whose internal 
volume has undergone the expansion 3a(0j — 0^) in consequence 
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mal pressure againat the shell. The ordin 
B case give, when the shell is indefinitely thir 



P=a(e,-eo). 



I'y formulae ' 



..(1) 



ting the tension produced in the shell, E Young's modulus, 
id ft I'oisson's ratio. 
If we assume thiit the shell will l>e ruptured when p exceeds 
macity P : then, for the maximum difference of tempemture, 



e,-e,^(i-f.}^ 



..(2) 



E 

I is, however, to be noticed that the pull applied to an 
nt of the surface layer is not, lilie the pull on a prismatic 
lin determinations of tenacity, a pull in one direction only, 
lit in all Uingential directions equally, It can be resolved into 
wo pulla in directions perpendicular to one another. As each of 
]ese two pulls has the intensity p, the tenacity as me-aauml by 
le maximum value of p will lie considerably smaller than the 
Siaoity OS usually understood. 

1 the following table for the 13 glaseee of Art. 103, the 



w. 


^ 


P 


IQiSa 


E 


e,-8. 


SI 


0-260 


fi-ee 


157 


0471 


148* 


» 


201» 


7-92 


I83» 


70B0 


146 


19 = 6 


0197 


fl-76 


160 


, 7296 


140 


22 = 2 


o-i;t 


4-93 


2te 


481^ 


111 


SS 


0-aM 


7-84 


249* 


(Mi32 


110 


24 


W-232* 


6-01 


250* 


5399 


103 


n 


0-271 


7-21 


m* 


7972 


102 


« = 1Z 


02sa 


7-42 


261 


6334 


101 


as 


O'Sas 


4-87 


2fi2» 


6494 


B2 


fl6 


0-224 


4-67 


248-» 


5464 


80 


88 


0-231 


6-09 


2S.t 


6613 


7S 


S7 


0-23fi 


ft-46 


295* 


6780 


6.1 


90 


OTMl 


S-2S 


280 


5088 


fil 



I ot the maximum difference &, — 6^, as calculated from 
I (2), are given in the last column, arranged in order of 

'VonUag, Thtortt. Phyini089i). S. filS. 
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magnitude. The other columns contain the elements used in the 
calculation. The values of /a are taken, with two exceptions, 
from Straubel's determinations (Art. 85). For P the mean 
values given in Art. 69 are selected (not the maximum values 
as in some previous tables), and even these are too large, for die 
reason above stated. The values of a are the same as in 
Art. 102, except that Beimerdes' determinations are adopted 
for 19 and 28. The values of E are the means of Ey^ and E^ 
of Art. 72, except that for glass 19 -^^ is given. All numbers 
marked with asterisks are values which have not been directly 
observed, but computed from the chemical composition of the 
glasses. The errors in these may have slightly deranged the 
order of succession of the values of G^ — 0^. 

106. Effects of Surface Oondaction. Fourier's equation 

which expresses that the heat communicated from the surface of 
the body to the surrounding medium is equal to that conducted 
through the surface layer, suggests that steepness of the 

temperature-gradient -r- is promoted by large values of the 

surface conductivity H. As steepness of gradient * is one of 
the factors tending to produce rupture, it is possible that 
the low withstanding power of glass 31 (Art. 103), which 
appeared to conflict with theory, may he due to exceptionally 
good surface conduction in this glass. It is also possible that 
there may have been in some cases unequal surface conduction 
at different parts of the surface of one and the same cube. Such 
inequality would obviously tend to promote fracture, and it is 
more likely to occur in the case of large cubes than of small 
ones. 

107. Endurance of Sudden Heating. When a massive 
piece of glass, initially at atmospheric temperature, is suddenly 
immersed in a hot bath, its surface is thrown into a state of 
thrust, and its inner portion into a state of tension. It is to l>e 
expected that the difFerence of temperature which can be borne 
in these circumstances will far exceed that which can be borne 
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when the difference is in the opposite direction ; for the stress at 
the surface is in both cases far more intense than the opposite 
Klrees of the inner portion, and strengtli to resist thnist is far 
greater than strength to resist pull. 

Wiukclniann and Schott. after giving expression to these 
views, confirmed them liy a striking experiment' No. 20. the 
laflt glass in the list of Art. 103, is conspicuous for the smsllDess 
of ila power to withstand sudden cooling ; its 2 cm. ciilies could 
only bear a diffei-ence of 52°8. A cube of this glass of the same 
size, when tested by immersion in melted tin, showed itself able 
to bear u sudden elevation of tem])eralure of 465" without 
cracking. 

108. Application to Laboratory Uses and Lamp GhimQeys. 
In the Jena Works, certain glasses, (listinguished by tbeir [xiwer 
of withstanding sudden changes of temperature, are employed fur 
tlie construction of vessels for use in chemical and physical 
laboratories, and also for chimneys to protect incandescent gas 
lights. 

Laboratory Glass [Gerateglas]. The glass used for fiaeks, 
li-akers. retorts, and evaporating dishes, is thoroughly tested for 
it» U-hiiviiiur under sudden cooling and healing. Flasks of 
moderate size will usually l>ear dipping in cold water when they 
contain boiling toluidin. which has a temperature of 200" C 
Wjnkelmann and Schott ^ have {>ublished a detailed account of 

^nviilta obtained in the use of these vessels : the following are 

BfanK of tlie items : 

^P Beakera, without the protection of wire-gauze, could be heated 

^oy • liunsen burner, or by 8e\eral such burners, for raising cold 
water to the t>oiling point, and keeping it boiling. 

A much severer test is fiimishetl by the Fletcher blast-flame. 

■k^V) this intenKive source of lieat 68 diRerent vessels were exposed. 

^B IS. of Ibem were boiling-tlasks of 3.3 to 0'5 litre capacity. 

^M 24 were Krlenmeyer conical flasks of I'l to 02 lit. 

^m .11 were beakers of 36 to 02 liL 

^H In all these vessels, without wire-gauze or other protection, 

^HU water waa heated; and only two of the 68 cracked, these 

^^m 'Ano.iL Pk]/-. H. Chtm.,t\. 746(1894). 

^^H *Zeifehr,f. ItutrmmtnUntundf, 14. a (1804). 
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two being beakers of about 1 lit. capacity. By a Fletcher 
blast-flame a litre of water was raised in 3*3 minutes from I2''to 
boiling. The same operation occupied 1 1 minutes with a simple 
Bunsen burner; no wire-gauze being employed in either case. 
A much longer time is occupied when wire-gauze is used The 
following ol)servations relate to a beaker of 10 cm. diameter 
containing 1 litre of water. 



Without wire-gauze. 

Minutes. Temperature. 






ir-0 


6 


61 


11-3 


boil. 



With wire^uze. 

Minutes. Temperatore. 






10'-5 


6 


36-5 


12 


59-2 


18 


78-9 


24 


92-5 


28-6 


boiL 



With the saving of time there is a corresponding saving of 
gas. To raise a litre of . water from 13"* to boiling in a beaker 
of 10 cm. diam. required 74*0 litres of gas when wire-gauze was 
used, and only 30*5 when it was dispensed with. To maintam 
a litre of water in ebullition in a beaker of 10 cm. diam. 
required a consumption of 2*6 litres of gas per minute with, and 
1*1 litre without wire-gauze. Dispensing with wire-gauze thus 
effects a saving of 60 per cent, in time and 58 per cent, in gas. 

Chimneys for Incandescent Oaslight. Several accx)unt9 
have been published of the properties of Jena glass chimneys. 
We may refer especially to three papers in Schilling's Journal 
for Gas Lighting and Water Supply, 1895, from which the 
following are extracts. We may premise tliat the Jena chimneys 
are of two kinds of glass, designated " Green-stamp " and " Gold- 
stamp." 

Miiller says : " Having heated the cylinder by using it with 
an Auer burner, I touched its hottest zone with a stick of ice, 
and it did not crack. I then repeated the experiment over a 
Siemens-Kranz burner, with the same result. 

" To test its ability to withstand draughts, I then blew cold 
air from a pump against the hottest zone, without injury. I then 
repeated the experiment with air compressed, first to two and 
then to three atmospheres, with the same negative result. 

" I next dipped the cylinder in water and placed it, dripping 
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wei. over ail Auer burner, which I iimnediaWly lighted. The 
water went off tn eteam, but the cylinder remained uiihrokeD. 
When all the water had evaporated, and the cylinder had become 
hot, 1 sprinkled water upon it with a bnish. Eleven cylinders 
Oi different kinds of glass, including the Bocharat glasses, gave 
way immediately under this treatment, but all the gold-stamp 
oylinders remained uninjured. A green-atamp cylinder broke in 
two after being five times sprinkled with cold water. The 
experiment was repeated several times, both with the same 
cylindere over again, and with other Jena cylinders taken 
promiacuously out of slock. 

" To see how far the endurance of the gold-stamp cylinders 
could lie carried, they were then taken hot from the burner and 
immeiBed in cold water. This was done in three different ways. 
First, they were entirely submei^ed tiuickly, then slowly, and 
thirdly they were slowly immersed tor half their height. Every 
specimen stood these tests, though Boute were tested three or 
five times in succession. 

" I then inclined the burner and chimney from the vertical at 
angles of 30". 40°, ■'iO', 60°, and 80°, and in each ease sprinkled 
the chimney abundantly with cold water. All the Jena cylijidets 
atiood thifl test, except one specimen of "green-stamp," which at 
[nation of 30° gave way at the fourth sprinkling. 
further, the same experiments were repeated with a dam- 
[ incandescent mantle. It had a hole 14 mm. wide at the 
l-vid also a slit 12 mm. wide ruuning from top to bottom. 
Icylinders stood this test also." 

rther trials with a damaged mantle, however, showed, as 
i anticipated, that the cylinders were not able to bear a 
poioted flame playing for a long time on one place.' The 
inttoiation issued by the makers relates to the endurance of the 
■ in the normal use of incandescent gas lightn, and not to 
illy severe experiments. 
iDally. Muchall tested the relative merits of glass and mica 
l«r» for incandescent lights, 538 burners being fitted with 
tuioa cylinders Instead of glass. The result showed a smaU 
ilwrinK in mantles, but a loss of light, besides a great inferiority 
i>stfaetic point of view. 
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He goes on to say : '' In the meantime some trials were made 
with various glass cylinders composed of separate pieces joined 
together, but no especially satisfactory result was obtained. 
Further experiments in this direction would be superfluous; as 
for Qome months past ordinary glass cylinders of* really astonishing 
endurance have been supplied by the Jena Works. These 
cylinders, while in actual use over the burner, can be sprinkled 
with cold water without cracking." ..." Here, in Wiesbad«i, 
out of 22 street lamps (of the candelabrum kind) in one street, 
which were fitted with these new cylinders on the 22nd of 
December^ as a test, now, after the lapse of four weeks, not 
one has yet cracked, though the weather has been unusuallT 
trying with rain, wind, and snow." 



U894. 



CHAPTER IX. 



AKTEK-WOKKING AND THERMOMETRY. 



109. After-workinff in Thermometer Bulbs. If a newly- 
mmle thernicuncU'r is left ti' itsflf. and merely o.\poHeil to 
VKiinliuiie of atiiKisplienc tt-mjjeiul-uie, the ylaaa, which acts as 
containing vessel for the mercury, gmcliinlly contracts. The end 
of the laerciiriftl eoliiinn acwnlingly gives continually higher 
indications for one and the same actual t«niperatnre. The 
pro^^resa of the change can be traced by ol>sening the freezing 
point from time U> time in an ice liath. It is found Uiat the 
slow rise of indication, usually called secular rise of zero, becomeB 
continually slower as time goes on. 

Ou the other bimd, this creeping-np can at any time Iw 
interrupted by raising the thermometer Lo a. high temperature, 
and o^ooling it quickly, hut not suddenly. By this treatment 
Uie capacity of the containing vessel is increased, and the freezing 
point is accordingly lowered. This action, which we shall have 
frrqncnt (K*u»iiin to refer to, we shall designate deprrxsivn of ztro. 
If the themiometor is then again left to itself, this depression is 
(Crailiially cancelled by renewe<l rising of zero. 

The dfprexaum of zero which can hf prodticfd in a <fiwn thermo- 
mtUr hy mixing it lo 100° and fixAintj it unth the proper quicknag 
it mlled thr depreBrion-COnstant of the thermometer. It does 
D(it attain its permanent value till the thermometer is old. The 
flepmwilnlity More this aUx^- is reached is smaller, and its 
inerease is more and more slow till the permanent maximum 
of ileptvfisibility is attained. 

A new thermometer can be " aged " artificially by keeping it 
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for a long time at a high temperature — ^for example at 100°— 
and then cooling it with extreme slowness. This raises the z^, 
and at the same time increases the depressibility. 

If a themometer is maintained for a long time at a tempera- 
ture a little over 250"", and then allowed to cool without special 
precautions, its zero will be considerably raised and its depies- 
sibility will in general be diminished. 

110. Weber's Investigation of the Influence of the Oom- 
position of the Olass on the Depression-Oonstaat The very 
comprehensive observations of E. Weber on this point were 
published in 1883.^ They were performed upon 23 different 
thermometers, of which some were made from commercial tubing, 
and some from tubing specially provided for the puri)08e8 of 
experiment. The chemical compositions of all were determined 
by analysis. The scales of the thermometers were divided to 
tenths of a degree in the neighbourhood of the zero-point, and 
the intervals were large enough to admit of subdivision by 
estimation. 

After careful determination and marking of their zero-points, 
with every precaution to ensure accuracy, they were left to 
themselves for li or 2 months. After the lapse of this time 
the new positions of the zeros were noted. The thermometers 
were tlien immersed for 15 minutes in boiling water, and thence 
transferred to the ice bath, in which another observation of their 
zeros was made. These operations were repeated several times 
at intervals of at least some months. 

Very conspicuous differences were found between glasses of 
different compositions. At the time of these experiments, it was 
very usual to make thermometers of soft and easily fusible 
glasses, containing no lead, and rich in alkalis. Weber's No. 1 
thermometer was of a very light and fusible Thuringian glass; 
and the results which it gave are here reproduced, together with 
its percentage composition. The column headed D contains the 
values of the depression-constant at each date, the final value 
being nearly half a degree. Leaving out of account glasses 
which were not old enough to admit of a determination of the 
constant with certainty, most of the glasses which Weber tested 
showed large depressions. 

1 Ber, d. Berlin. Akad., Dec 13, 1883. 
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Thermometer of Thuringian Glass. 
Made June 5, 1878. 

SiOj. NajO. KjO. CaO. Al^O^. 

68-30 12-08 8-27 10*41 1*28 



Date of 


Freezing-point. 


D 


Observation. 


Before boiling. 


After boiling. 


1878, Oct. 23 


+0*497 


+0°-095 


0"-402 


79, May 17 


•507 


•064 


•443 


81, Jan. 27 


•65 


•20 


•45 


81, July 22 


•60 


•27 


•33 


82, May 22 


•66 


— 


— 


83, Jane 7 


•65 




— 


&%Oct. 31 


•68 


•20 


•48 



A decidedly better result was given by thermometer No. 13, 
ide from '' an old tube of uncertain origin.'' 



SiOj. 
6500 



Thermometer No. 13. 
Made June 5, 1878. 

NajO. KjO. CaO. 

0-07 19-51 13-58 



Al,03. 
2-04 



Date of 


Freezing-point. 


D 


Obeerration. 


Before boiling. 
+0*-072 


After boUing. 


1878, Oot 28 


-0*-015 


0"-087 


79, May 17 


•069 


- ^043 


•112 


81, Jan. 27 


•11 


+ -01 


•10 


81, July 22 


•10 


+ -01 


•09 


82, May 22 


•10 


— 


— 


8S, June 7 


•10 


— 


— 


8S,Oot 31 


•10 


•00 


•10 



With the view of obtaining a larger quantity of glass of this 
(t kind, experimental meltings were undertaken. 
The first melting, with the formula 

SiOy Na^O. K,0. CaO. Al^O,. 

65-73 — 1915 13-26 218 
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proved disappointing. The thermometer No. 14 made of it had, 
at the end of two years, a depression-constant 0**'36. Closer 
examination showed that the glass was not homogeneous. 
Further meltings were therefore made with larger quantities, 
but these also were unsuccessful. On analysis it was found that 
the intention to exclude soda had been defeated by the employ- 
ment of impure potash. 

By using chemically pure potash, two glasses were produced 
having the compositions 

SiOg. NagO. KgO. CaO. Al^Oy 

65-42 — 19-46 13'67 0-93 

69-04 — 18-52 13-21 0*89 

and two thermometers (Nos. 19 and 20) were made of them on 
Aug. 18, 1883. On Oct. 31, they both showed a total rise of 
zero amounting to O^'ll, and a depression-constant C^-OO. 
Weber sums up the results of his investigations by saying : 

" The depression-constant is largely dependent on the composi- 
tion of the glass. The very fusible alkali glasses, which ou 
account of their easy working have been much employed, give 
bad results. A good result is given by pure potash glasses with 
large pr()j)ortions of silicic acid and lime." 

111. Further Investigations of After>working and its 
Relation to Chemical Composition were undertaken jointly l-y 
the I>crlin Standards Commission ^ and the Jena Glass Laboratory. 
An account of the results has been given by H. F. Wiel)e.- 

Analysis of Qlasses of known Depression>qaality. In the 
Hrst instance, analyses were made at Jena of the glass of seven 
tlicruionieters, belonging to the Standards Commission, for which 
the depression -constants were very exactly known. Before the 
determination, the thermometers had been lying idle for at least 
a year ; and in making the determinations, they were kept at the 
boiling point for about an hour. 

The results of the analysis confirmed and completed Weber's 
conclusions. It was clear that largeness of depression depended 

^ Norinal-Aichuiigs-Kommission. 

2 In three papers : I. Ber. rf. Berlin. Akad.y 17 July, 1884 ; II. Ibid., 12 Nov., 
1885; III. ZeiUchr, /. Imtnim.y 6. 167 (1886). In the following articles these 
papers are referred to as I., II., III. 
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nly on the propoitionB cif alkalis in the jjlaases. A gUaee 
I the following extract from Wielie's table ^ shows that the 
rpreaaion D is great«9t in those glasses which cntitain soda and 
tpotosh in alviiil et^tial prupurtioiia ; that when the proportions 
are uneiiiial, »n material diHereiice in D resiiUs from intei- 
cluinging llieni ; and that the Binallest D \s tor a potash glass 
nearly free fnun soda. The percentage of lime ranges from 7 to 
14 for the gla.=aes in <i\n list. 



Hntnbolilt No. i (Iwfons 1S35| 
J. O. Gnincr r, (tM8) ■ - - 
J. O. Gr«inBr/'„(lM6) - - - 
J. 0. Oralnar F, (1ST2) ■ . ■ 
Ch. F. Ueivler No. 13 (1ST5) - 
li. A. .Scfaol»e No. 3 (1875) ■ 

(UpfM SmW. F^ 1 1878) - - - 



Ni^O 


K,0 




^ 


o-sa 


200B 


iW 


_ 


IM 


18-80 


■08 


_ 


3 ■7.1 


17U 


-*i 


_ 


16-89 


3-56 


— 


-21 


15-85 


3-07 


— 


-20 


IB -IS 


3-ai 


_ 


■ii 


12-7-2 


10-.'S7 


- 


-H.1 



The aniilyiiis of Knglish stamlard-thermommer glass (called 
erifital) gave ;J3-90 per cent, of lead-oxide with only 49'-19 of 
silicic acid, and only 1-20 of lime. The percentages of alkali, 
IftbuUteil as ithove, witli the depression, were: 

Xa^O. KjO. \a,0,K,0. D. 

1-54 12-26 -1:1 0^15 

Wi.'l^-' t;ive8 a little over 0''2 as the average value of tlie 
"iopnwion-iTonstanl for the leutl-contaiiiing crystal glass exten- 
siviily used in Kngland. 

Ill France, in Kegnaiill's time, the chief glass for thermometers 
was apparently the crystal glasH mannfactured at Choisy le Roi, 
which wa« probahly nearly the same as the English glass. Some 
yeura prerioiia to the investigation which we are describing, 
Toouolot of Paris liegan to make thermometers of a tolerably 

'LiM7. 

>Tfau nambtir u not ijuiM mrUin, ax the tb«rmomct«r hwl k paper lule i uid 
it WW aMorUiiMil Ut«r (HI. 168) th*t >uch icftlea affect the deCemipBtioa al 
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pure Boda glass ( VeiTe dur), which does not differ much in com- 
position from ordinary window glass.' The ^uies were : 

Na,0. K,0. KjO/NajO. D. 

1202 0-56 -05 r-008 

The presence of potash is doubtless due to impurity in the soda 
employed. Lime runs up to 14'40 per cent. 

Besnlta of New Meltings. With the view of attacking 
synthetically the problem of the connection between chemical 
composition and thermal after-working, about 30 different mix- 
tures were melted at the Jena Works, and thermometers made 
of the glasses so produced were tested by the Standards Com- 
mission. The results for 17 of these glasses, divided for con- 
venience of description into three groups, nre given below : 

Group A. 



No. 


i" 




3- 


t 


s 


D 


IV 


70 


_ 


13-5 


16S 


_ 


O'iB 


VIII 


70 


15 




m 


— 


0-08 


XXII 


66 


14 


14 


6 


_ 


1 -05 


XXXI 


66 


111 


leii 


6 


— 


1 -03 


17"" 


69 


15 


10-5 


_ 


5 


1 -06 


20"' 


70 


7-5 


7-5 


15 


- 


0-17 













Group B 












No. 






M 


§ 


< 


1 


1 


1 


1 


1 


D 


U 


«4 


7 


^ 


_ 


16 




„ 


53 


_ 




0--02 


V 


54 


_ 


16 


_ 


_ 


_ 


30 


_ 


_ 


_ 


Ifi 


VII 


51 


_ 


_ 


_ 


1-8 


37 


277 


_ 


6 5 


9-3 


■10 


IX 


63 


in 


_ 


8 


_ 


10 




_ 


— 


4 


•W 


X 


4« 


S 


_ 


_ 


_ 


_ 


_ 


40 


_ 


fi 


-on 


XI 


65 


_ 


IS 


_ 


5 


_ 


_ 


_ 


_ 


12 


■09 


XIX 


50 


15 


_ 


_ 


_ 


_ 


20 


15 


_ 


_ 


■i>: 


XXIII 


57 


a 


- 


20 


10 


- 


- 


- 


- 


5 


-li. 



' II. 1026 ; B«e Art. 99. 
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Mo. 


o" 


"J 


^ 


s 


1 


1 


S 


il 


U"" 


tta 


14 


_ 


7 


1 


7 


2 


0'03 


le"' 


67-5 


14 


_ 


7 


2-5 


7 


2 


0-06 


!►!'" 


52 


- 


B 


- 


- 


*' 


« 


0-08 



The llienuometerB were not uU of the same age : and to make 
the detenu i nations of the depreaaion-consUint J) aa neatly com- 
parable as possible, the new instruments were artifically " aged " 
in the iimnner described in Art. 109. 

(iroup A illustrates the action of aoda, potash, lime, and 
alumina. It establishes, lieyoml question, the general principle 
that goo<l thermometer glass ought only t^i contain one alkali 
—either soda free from potash, or polafih free from soila. As a 
qnalilieAtion of this pnnciple, it apj>ears, from a comparison of 
XXIL with liO"', that by the addition of lime it is possible to 
prevent large depiession, even in the very unfavourable case of 
equal quantitiea of aoda and potash. Alumina exerciaes this 
restraining intlnence to nearly the »anie extent as lime. 

In Group B, liesides the five oxides in Group A, five others 
•re introduced : I'bO, ZnO. BaO. LiaO. B,0,. In none of the 
gtoaaes of this group does the depression -constant exceed 0°'10; 
I in the case of tlie glass II., which contains 5'6 jier cent, of 
L, it is only 0°02. 
[.Fkadng from experimental meltings to the i-eiiuirementa for a 
Hstical thermometer glass ; it is necessary to consider not only 
fltnallnoss nf after- working, but other properties, such «s facility 
of working, durability, and alwence of eolonr. Taking tbeee 
^perties into account, the practical outcome of the investigation 
Kexbibiteil in (iroup U, which contains thi'ee glaases 14'", 16'", 
M'", suitable for general thcrmometric requirements, and having 
f dei>re8sion-conaUnt of only 'On. 
The Actaal Selection. The only one of these three that has 
I pnuticiilly mloptcd for thermometers is 16'"; it has liet-n 
ide in large quantities for this pui-pose at the Jena Works 
1885, under the name Normtil-lhermomdrr glnss. The 
18'" promised well at first, inasmuch tks thermomel-erK 
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made of it agreed well with the air- thermometer up to 50'; but 
it did not behave well in the operations of glass blowing. It 
was difficult to make into good tubes ; and when it was subjected 
to reheating, fine needle-like pieces crystallised out of it. Its 
use was therefore renounced. 

Fresh experimental meltings were then undertaken, and they 
resulted in the adoption of the borosilicate glass 59"^ 

Schott published a short account of these further researches.^ 
He gives the following comparison l>etween 59"^ and 63^": 





••• 

72 


1- 


c 


i 


< 


1 


1 


D 


591" 


11 


— 


— 


5 


12 

1 


— 


0'-02 


63'" 


73-2 


18-5 


— 


8 




• 


0-3 


■05 



Our figure 72 for SiOg includes the small quantity 005 of 
oxide of manganese, which Schott gives separately. 

The two depression-constants given under D were for new 
thermometers, and are therefore not to be regarded as final. 
Wiebe, who undertook the thermometric testing of these glasses, 
estimated the permanent values which the depression -constant 
would attain in course of time, at 0***03 to 0''"04 for 59"^ and 
0°-07 to 0^-09 for 63"^ 

The borosilicate glass 59"' has thus rather smaller after- 
working than the members of Group C. It also possesses (in 
common with 18'") the advantage of giving mercury thermo- 
meters which agree well with the air thermometer up to 50\ 
It is also distinguished by the smallness of its expansion, its 
cubic coefficient being 177 X 10"^. Tubes of this glass, as well 
as of the normal -thermometer glass, are accorcjiingly regularly 
made at the Jena Works for the construction of thermometers. 

Resistance-glass. A glass recently introduced by Greiner 
and Friedrichs of Stiitzerbach, and now regularly supplied by 
them under the name of resuievzr/las — distinguished (as its name 
indicates) for its power of withstanding chemical attack an«l 
sudden changes of temperature — has also come into use as a 
thermometer glass. Five thermometers made of it were tested 
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n-constaiit by Fr. Griitzmacher ' at the Keichsaostalt. 
ssion olfflerved was frwin C'C? tn 0"'10. A depression 
ally tJie same amount, uamely 0°'09, was aubsequently 
1 other instniniente of the same glass. The thenno- 
t too aew to give certaiuly as to their jierniaitenl 
m-conHtaitt. The therraometric (|nalities of the resisteiiz- 
I considered by Griitzmacher to lie nearly identical with 
the vrrre dur employed by Tonnelot. The makers 
be it 09 a tolerably pure soda glaaa. 

ryta-boroBilicate 122"'. In the account in Art. 98 of 

(ii's experiments on the after-working exhibited by streased 

iiylinders when sulijecleil to lung-continued heating, it was 

that a cylinder of the barjta-borosilicate 121'". 

under severe stress, did not exhibit these effects. 

commenting on these observations, expressed the 

I that this glikss would make mercury thermometers in 

taoge of Kero would be very small. It is No. 12 =40 of 

isnn's list,* and the table in Art. 97 shows that, with one 

(a Bine borate), it had the smallest coefticient of 

1 of all the glasses examined. 

r glass, made at Jena, very similar to it in composition, 
lllbere<l 122'". Four thennoraeters made of tliis were 
7 Griitzmacher at the Reichsanstalt,* and found to liave 
H)-constant8 of only COl to 0°'O2. It must be added 
yta-l«rosilicate, being a very hai-d glass, is very dillicult 



i Oeneral Characteristics of Different Thermometer 

Thus far our compai'isons of glasses have been 

to one feature— the magnitude of the '" depression- 

' (Art. 109). It remains to indicate the connection 

i valued of this cnustant and the general behaviour uf 

i broiiyht out liy li\'iebe's comparative observations. 

' from DepreBsion. The thermometers included in 

■C of last article recovered so quickly from the small 

>A«*rAr./ Itutrua,., 19. 301 (IHfla). 

■ rcrL lie' rtrciiM :. Bt/trd. >/« OtKerbjt.. April 4. IH»'2. 

■SaeAit. B7. 

*2tilttkr./. itutnuH., IS. iSiiimtS). 



JENA GLAS& 

sBions there specified, that, after two or three daya, ttejr 
had r^ained their original zero readings. The French thermo- 
meters tested by Wiebe gave almost as good a result The 
thermometers of Et^lish glass took about a month to halve their 
depressions. The thermometers of Thuringiao glass, though 
seventy years old, took on the average from four to six months 
to regain their original zeros,* 

Secular Bise. The observations on the slow rise of zero in 
thermometers left to themselves, showed a close connection 
between this phenomenon and the depression-constant D. The 
following table gives the elevation of aero after the lapse ot 
the stated number of days : 



OlM. 


D 


Namber of D>y> EI»pMd. 








4 


21 


42 4» ; 66 


fl8 \X, 


160 


175 


200 242 '285 


317 447 1 370 list 


141" 

Ifil" 

18'" 

KreochOl. 
Kngl. 01. 
Thur. fJl. 
IV. 
VIII. 

Lll'l' 

XX 11. 

1711. 
XXXI. 


0-05 
005 
007 
0-lS 
0-36 

O'Oa 
n-08 

0-17 
1-05 
MHJ 
1-03 


0-24 


0-42 


0-09 

0-22 


- 
0-02 

0-12 


002 
004 

0-33 


0-04 
010 


016 

— 

- 


0-12 

13 

0-fi3 


0-2S 


I 
0-25 


0-04 
007 

0-23 


0-03 


0-04 
0K)9 

(M3 


0-0. - 

0-06 
0-06 


0-3S' w*' 



The list includes 1 2 glasses : the firet three constitute Group C 
of Iftsi article, and the last six Group A. The thermometers of 
Thuringian glass wei-e .six or seven months old; the others wei-e 
new. Tlie elevations given are, in each case, the means derive! 
from simultaneous observations of two or more iustrumeiUs. 
The glasses IV., VIII., 20'" are not included in Wiebe's table: 
but he states subsequently* that in thermometers made of 20'" 
the elevation after 'i\ months was O'-IS, and that thermometer; 
made of IV. and VIII. showed only half this elevation after the 
lapse of a year. 
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It may be added' lliat in thenn<iiueter8 of 63'" the elevation 
after six weeks was 0°'0;i or 0°'{)4, 

Artificially Aged Thermometers. Wiebe gives tinally ^ the 
reBiilts of the artificial ageing destrilfed in Art 109. By keeiiin>; 
Ltie instriuneuts at 100' for the number uf hours stateil, and 
then cooling them with tlie greatest possible slowniess. the 
following elevations of zero were prcxUiced : 



I 



r.iut. 


D 


Tim* ftt lOO" 


BIcvstion 

«f lOIV. 


urn . 


0--05 


7 Jioiir«. 


rr-o-J 


18in . . 


-03 


7 ., 


Ot 


IB'" - - 


(1.1 


7 ,. 


■01 


Praocli Glwa 


■07 


8 .. 


■oa 


EngUih niu* 


■IH 


!' .. 


16 


20"' - 


■17 


« „ 


■15 



In ft miml)er of new inelruments of Thiiringifln glass, mainten- 
ance for 26 hours at 100' raised the zero by 0°-2(i. and threo 
(lays at 100° raised it by 0°'40. One thermometer of gloss 59'" 
had its zero raised 0'"00 by niaintenanoe for 12 hours at 100°. 
A second thermometer of the same glass, whose bulb before filling 
had l>een Biibjected to the " fine-oooling" process, had its xero 
raised only O'-Ol or 0''02 by k-ce|mig it for 12 hours at 100^ 

First Comparison with Air Thermometer. To complete 
his ttt-ts of the filneas of \arious glasses for tlie constniction of 
th^nnomt'ters, Wiebe made pi-eliminarj- comparisons of various 
luerciiry ihemiometei's with the air thermometer." The following 
table of results wUl give an idea of the relative liehaviour of 







14in 


18'" 


ism 


ThDrl[>«f». 


FrtHch. 


Euglbh. 


<r 


O'-OO 


rr-va 


(T-OO 


0--00 


O'OO 


ff-V) 


10 


-O-OI 


-0-01 


+0-01 


-0-03 


-o^fla 


■^IMfi 


90 


-ow 


-0-O6 


-n tJ2 


-©■II 


-0-06 


1» 


» 


-0 -08 


-o^OT 


-O'oa 


-on 


-0-05 


+ 0-02 


40 


-0-Oi 


-0-06 


+ 0-01 


-0-OH 


-0^02 


+ 0-09 


60 


+ 0-01 






-OiH 




+a-u 



r.f, JvlTHOL, II. 334 (18S1}. 
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the glasses named. They were obtained by comparison with a 
standard mercurial thermometer whose relation to the air thermo- 
meter was known. Glass 18"^ gives the best agreement, and 
Thuringian and English the worat. The positive sign in the case 
of the English glass is a special feature. It is very unusual to 
find the mercury thermometer below the air thermometer between 
0' and 100". 

The values for Thuringian glass are mean values for the kinds 
chiefly used. The chemical characters of the French glass 
(Tonnelot thermometers) and the English (crystal) are described 
in the preceding article. 

The following data for thermometers of glasses 59'" and 63"^ 
have been published by Schott.^ 

Corrections for Reducing to Air Thermometer. 

59"». 631". 

0° 0^-00 0^-00 

10 -0-01 -0-06 

20 -0 02 -O-IO 

30 -0-01 -0-11 

40 -0 01 -O-ll 

50 +0-02 -0 -12 

As no information is given respecting the mode of determination, 
it is not clear whether these results are comparable with those 
given above. 

113. Depression as a Function of the Higher Temperature 

A closer insight into the phenomenon of depression is obtained 
by determining the position of the freezing point on the scale of 
the thermometer, as a function of the temperature to which the 
thermometer is raised before immersion in the ice bath. For 
the Jena normal- thermometer glass, this has been done by 
A. Bottcher,*^ in the course of a comparison of new and oH 
thermometers belonging to the Keichsanstalt. 

The new thermometers were made bv IL Fuess from Jena 
glass, and bore the numbers 245, 246, 247; the old ones 
numl)ered 50 and 20 were of Thuringian glass, and a thermo- 
meter of English crystal (Xo. Ill 5 ) was also included. For 
several weeks previous to the trials — and in the case of Xos. 

^Zeitschr.f. Imtrum., 11. 3.34 (KSOl). ^Ihid.. 8. 409 (1888). 
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Bli), for several months, — the thermometers hail beeu lying 
K the temperature of the room. 

rhe comparisons were made at every fifth degree from 0* to 
0'. The thermometers were kept fur altout two hours at the 
iperatmu stated when this was below 00°, and for about one 
ir when it was above 60". 

Below 60" the temperature was maintained by immereion in 
vater liath. After immersion foi a quai-ter of an hour, a 
limiuary ol«er\'ation of the freezing points waa made in 
ice bath, The thermometers were then transferi-etl back to 
warm liath, and at the end of the allotted period the decisive 
e^^•ationa of their fi-eezin^ points were made. 
At the lempeititures from 60° to 100°, the thermometere were 
nersed in the vapours of suitably selected liquids, and the 
jzing points were only observed at the end of the iimnersion. 
riiB resulte of these experiments are given in the two following 
k^ Uie zero-point readings denoted by E, being expressed ia 

U.UX8 OP £, FOR ThKRMOMKTBRS of JkNA NORMAL-(il.ABS, 




No. 2«. 


No. 246. 1 No. 2«7. ■ 


( 


Otw. 


C4lC. 


Diff. 


OU. 


CJo. 


Diff. 1 Oh^ 


C»lo. 


Diff. 


r 
»l 
ss 

90 

S5 

so 

■s 

40 
4S 

as 

«1 
«ft 


+ 48 
44 

4ii 
39 
36 
3.1 
.14 
21 
18 
17 
16 
17 
II 
10 
1 
7 
S 


+ 48 
45 
42 
40 
37 
34 
31 
28 
25 
32 
20 
16 
14 
10 
6 
4 

- 1 

- 4 


+ 3 
+ 1 


+75 
73 

es 

M 

eo 

53 
53 
48 

46 
43 
38 
33 
20 
22 
19 
16 

7 

M 


+ 75 
71 
68 
64 
60 
5T 

sa 

50 
4B 
42 
39 
34 
31 
26 
32 
19 
12 
9 
II 



*i 
-3 



-2 

+ 1 
-1 
"l 
5 
-4 
-3 
-3 

-2 



+ff7 
56 
53 
61 
51 
46 
43 
38 
32 
34 
26 
24 
18 
18 
10 
13 
11 

3 


+57 
64 
51 
49 
4« 
*.-) 
40 
37 
34 
31 
29 
25 
23 
19 
15 
13 
H 
5 
3 




+ 1 

+2 
+ 2 
+ 5 
+ 3 
fS 

-2 

+ 3 
-3 

-5 

-5 
fl 
+ 3 
+ 3 






^ 




^ 












^ 




^^^^H 



1 
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thousandths of a d^ree. [To find the depression E^ — E^ from 
these tables, E^ may be taken as JFg + 'OOS nearly. The values 
of Eq are not stated in Bottcher's paper.] 

Values of JF^ for Thermometers of Thuringian and 

English Glass. 





No. 50. Thuring. 


No. 20. Thoriog. 


No. 1115. Eogliiih. 


t 


Obfl. 
+ 526 


Calc 


Diff. 


Obfl. 


Calc. 


Diff. 


Oha. 


Calc. 


Diff. 


5" 


+ 526 





+ 246 


+246 





-110 


-110 





10 


523 


523 





243 


245 - 2 


125 


112 


-13 


15 


521 


520 


+ 1 


240 


244-4 


130 


115 


-13 


20 


517 


515 


+ 2 


•239 


243 - 4 


135 


120 


-15 


25 


514 


508 


+ 6 


240 


240 


1.^5 


126 


- 9 


30 


507 


500 


+ 7 


236 


238 1 - 2 


145 


133 


-12 


35 


601 


491 


+ 10 


236 


235 1 + 1 


150 


142 


- 8 


40 


490 


480 


+ 10 


229 


231 1 - 2 


150 


152 


+ 2 


45 


473 


468 


+ 5 


227 


225+2 


158 


163 


+ 5 


50 


459 


454 


+ 5 


223 


220+3 


170 


176 


+ 6 


55 


428 


439 


-11 


215 


216 -*! 


195 


190 


- 5 


61 


427 


419 


+ 8 


216 


209+7 


210 


209 


- 1 


65 


407 


404 


+ 3 


210 


203 + 7 


213 


222 


+ 9 


72-5 


386 


37.') 


+ 11 


, 2<X) 


193 + 7 


243 


246 


+ 3 


78 


361 


351 


+ 10 


199 


184 1 +15 


240 


271 


+ 31 


82 


' 3.V2 


332 


+ 20 


188 


177 +11 


265 


288 


+ 23 


91-5 


j 313 


285 


+ 28 


179 


160 +19 


278 


332 


+ 54 


96 


1 292 


261 


+ 31 


169 


151 +18 


335 


354 


+ 19 


HX) 


1 238 


238 




1 


143 


143 


375 


375 






The vahies headed " Calculated " in the first table are obtanie<l 
by assuming that the differences in the zero reading E^ are 
proportional to tiie diflerenees of t, and by identifying D with 
E^ — E^^. These assumptions give 

E, = E,^^(t-b) = ^,oo + S(100-f) (1),(2) 



95 



95 



As the errors of observation may amount to O'^'OOo, the 
agreement between calculation and observation is satisfactory; 
hence we infer that linear interpolation is permissible in dealing 
with the depressions of thermometers of Jena normal-glass-— 
a great convenience in practice. 



AFTER-WOBKTNU AND THERMOMETUY. 25S 

tjie ibi-ee tliermoiueterB to which the aecoml talile refers, 
l^iice of E^ foi- aii increase of 5" in t is iinicli larger at 
,11 at low teuiperatui-es, so that the linear law 13 not 
ble. B^ittcher applied to them Periiet's aasuniption' (for 
iliires lietween 0° ami 100°) thtit E^ — E, is proporlinnal 
iqiiare of (. Putting J)g for E^~ E^^, thiw gives 



(3) 

Illy J per 



£. = £.-•0.(4)'.. 



wis to ft value of D ax E^~ A'j^ ditt'ering by 
a i)j ; so that we may write 



'^-^.-^(,ra)' 



w 

values in tlie second 



J (3) or (4) that the "calculated" 

ive lieen obtaiue*!. 

greatest eiTor of an observation in the case of the two 

Deters 50 and 20 may be estimated at O^'OOo ; in the 
ItieniiomeUr 1115, which was iwdy divided to half 
it may be taken at 0°020. Comparing these errors 

le three colunms of differences, we may say that the 

km is fairly sHtisfactory fiiiiii 0° to 70°. 

r Formalae for Depression. Eniploving the more 

fonnula'- 

E, = E^^+a{\m-t)+h{\W-ff (6) 

r finds, for the three thenaometers 245, 246, 247, 
a = -00(ir)5, /> = -000 0008 

milk gives 

E^~Et = {a-^2Wh)t-bt\ 

reduce6 to Pemet's assumption (4) when a+200i is 

le, the value of D^ being then />„= - 100*6. It would 

M these conditions are nearly fulflUed, between U" and 
Thuringian thermometer glaas and English and French 

Tonnelot'a thermometers of vrrre rtiir, Guillaunie baa 
tha depression- formula 

£--£,= 000»8S6r+ 000 0010S4?'. 






294(1875 



ittt Burraii inlemiU 



1 
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which, by the smallness of the coefficient of t^ compai'ed with 
that of ty shows that linear interpolation is applicable. 

The value of the depi^essionnconstant D^ or E^ — E^^ conies 
out '0997, which is sensibly "10, and practically the same as 
that of the Thuringian glasp thermometer No. 20. This shows 
that the magnitude of the depression-constant is not of itself 
a sufficient index of the goodness of a thermometer glass. 

Depressions after Long Oontinnance in Ice Bath. In order 
that a thermometer may show its true maximum of depressibihty, 
it must be sufficiently old. It must also have been for so long 
a time in the ice bath before warming, that the effects of preWous 
warming have been effaced. Observations in which these con- 
ditions appear to have l)een fulfilled, were made by Thiesen, 
Scheel, and Sell,^ upon thermometers of Jena normal-glass and 
of Tonnelot's verre dur (four of each), and afterwards upuii 
thermometers of normal -glass and of the l>orosilicate 59"^ (three 
of eacli). All the instruments had been for several weeks in the 
ice bath, and were then kept for a considerable time at each of 
the temperatures 25', 50°, 75^ 100°. The results wei-e summed 
up in the three^ following fornmlae : 

Normal-glass 16"^ E^-E ='^^^^^^ + '^^^^^{\q^' 

Borosilicate 59"^ E^- Et^O^^ZQ-^^-OWo^ (lOd) * 

Verre dur: A', -i;,= 10036 j^^+ 00928 (-J-^)". 

A second calculation was made, from which the less certain 
observations were omitted. It i^ave 

Nonnal-ghuss : A;-£', = -()748 jJ^ + -0236 (p^,)"- 

Verre dur: ^^ - ^t = 1 199 ^--0052 (-^j'. 

The following tables for 16^^^ and 59"' Avere calculated by 
Scheel ^ from the first two formulae : 

^ZtiUchr.f, Instrtm., 16. 58 (1896). 
^Ibid., 17 ; Beiblatt, No. 13, 98 (1897). 
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Depression of Thermometer op 1 6"' in thousandths 

OF A degree. 



Deg. 





1 


2 


3 


4 


5 


6 


7 


8 


9 








1 


1 


2 


3 


3 


4 


5 


5 


6 


10 


7 


8 


8 


9 


10 


10 


11 


12 


13 


13 


20 


14 


15 


16 


17 


17 


18 


19 


20 


21 


21 


30 


22 


23 


24 


25 


26 


27 


27 


28 


29 


30 


40 


31 


32 


33 


34 


35 


35 


36 


37 


38 


39 


50 


40 


41 


42 


43 


44 


45 


46 


47 


48 


49 


60 


50 


51 


. 52 


53 


54 


55 


56 


57 


58 


60 


70 


61 


62 


63 


64 


65 


66 


67 


68 


69 


71 


80 


72 


73 


74 


75 


76 


78 


79 


80 


81 


82 


90 


83 


85 


86 


87 


88 


90 


91 


92 


93 


95 


100 


96 








• 













Depression of Thermometer of 59'" in thousandths 

OF A degree. 



Deg. ' 





1 


2 


3 


4 
2 


5 
2 


6 


7 
3 


8 
4 


9 











1 


1 


3 


4 


10 


5 


5 


6 


6 


7 


7 


8 


8 


8 


9 


20 


9 


10 


10 


11 


11 


11 


12 


12 


13 


13 


30 


14 


14 


14 


15 


15 


15 


16 


16 


17 


17 


40 


17 


18 


18 


19 


19 


19 


20 


20 


20 


21 


50 


21 


21 


22 


22 


22 


23 


23 


23 


24 


24 


60 


24 


25 


25 


25 


26 


26 


'26 


27 


27 


27 


70 


27 


28 


28 


28 


29 


'29 


'29 


29 


30 


30 


80 


30 


30 


31 


31 


31 


31 


32 


32 


32 


32 


90 


33 


33 


33 


33 


34 


34 


34 


34 


34 


35 


100 


35 





















Collecting together the results for each glass, and using the 
notation 

we have the following list of values : 

Normal-glass 16"^ pxio* 

Bottcher, 71 

Thiesen, Scheel,Hst formula, 64*84 
and Sell, ) 2nd formula, 748 



?xlO» 


D 


-008 


o'-oes 


0-3104 


0096 


0-236 


0098 



D 
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BOROSILICATE GlASS 5 9"^ p X 10» g x 10» 

Thiesen, Scheel, and Sell, 49-36 - 0-1456 0-035 

Verre dur. 

GuiUaume. 88-86 0-1084 0100 



Thiesen, Scheel, 
and Sell, 



1st formula, 100-36 0*0928 O'llO 
2nd formula, 11 9-9 -0-052 0-115 



The values given under the heading D are obtained by putting 
^=100 in the formulae. For the normal-glass 16'" they are 
considerably larger than the original determinations mentioned 
in Art. 111. 



114. Ooefficients of After-working. Let v^ be the original 
volume of a piece of glass at 0° ; and when it has been main- 
tained for some time at f, and is then again brought to 0°, let 
its volume be 

then the ratio of the additional volume v' to the original volume t^ 
is the measure of the afterworking. This ratio is 

- = A't + B't\ 

To show how this is related to the depression of zero of a 
thermometer produced by raising the thermometer to f\ let ^ 
be the mean coefficient of cubic expansion of the glass of the 
thermometer between 0° and 100°, 

y the mean coefficient of expansion of mercury from 0'^ to 100 , 

Vq the volume of the mercury at 0°, 

g the original volume of a degree at 0^ 

Then the volume of the meixjury at 100"* is v^{l + IOO7) and is 
equal to (^0+ 100^)(1 -|- 100/3) ; whence we find rigorously 

^^o(y-/3) .J, 

^ 1 + 100^' ^^ 

or approximately ^ = ^©(7 "" ^)- 

When the thermometer, after being raised from its original 
temperatiu-e 0° to f, is restored to the ice bath, the volume left 
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\'!U:aiil Ivtween the inerciirj- and the original zero-mark will l>e 

anil the depreSBion d will he i''!g. titat is. 

a= Q- (2) 

y-p 

It the observeil vahies of ilepression are expressed Iiy d =pt + qf, 
we lis\Q 

^'=(V-^)P - S = {y~^)q (3t 

Tiikiiig Thieaen's values of p and q for the three thernuiuieter 
glasses, as given in last article, with the vahies of ;8 derived 
from the pcbuIib given in Ait. 99 (for the menciiry themiometei 
scale), and 7 = -000182. we find for A' and F : 

Nonnal-glass Iti'" 10-2 "049 

»BoroBiIicate r>9"' 8-1 -024 

Verredur 159 015 

It is of interest to compare the mean coefficient of afterworking 
between 0" and 1°, which is A' + HI (and which we denote by o-), 
•rith the mean coetticient of cubical expansion from 0' to (" 
(which we denote by |8). The numbers are 

iiyj ifffj ino" 



Nonual-gljiaa IG'" 


15-1 


2424- 


-6228 


BoroHilicale 59'" 


5-7 


1770-2 


-3204 


Ktrre rfur 


17'4 


2334-3 


•74S4 



AJl the above are from Thieson and Scheel'a detexininationR. 
Bottcher's mode of exjieriment was more in conformity with the 
unlinar}' use of thermometers. His data for normal thermometer 
glan 1 6'", with ^ = 24 X 1 '•, and y as altove, lead to 
^'=ll-2xlO-'' . 5'=-013xlO-». 

11& DepresBioQ of Boiling-point Thermometers. Boiling- 
point tliennomoiei's alfitrd an ejit^y uieauts of ilelenniuiug the 
bftromvtric pn-ssurc to within a f|uarter of a luiliimetre; they art- 
therefore well siiitetl for the measurement of altitudes in exploring 
expeditions. That their use for this purpose is appreciated, nmy 
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be inferred from Wiebe's statement that 29 boiling-point ther- 
mometerB were made at the Beichsanstalt during the first eleven 
months of its existence. 

A necessary condition of their trustworthiness is the per- 
manency of their zero points after successive heatings to the 
same temperature. This can only be secured by the use of 
suitable glass in their construction. From researches described 
by Wiebe, in a report of proceedings at the Beichsanstalt,^ it 
appears that, unless this precaution is attended to, their indica- 
tions are uncertain to the extent of 0°*1, equivalent to more than 
three millimetres of pressure. 

The investigation was suggested in the following way. Two 
thermometers, numbered 42 and 43, of Thuringian glass, when 
compared with a standard on Sept. 7, 1888, at temperature 87', 
were foimd to require the corrections 

They were then kept for 15 minutes at 100^ and their zeroe 
were found to be thereby lowered by the amounts 

0"-43, 0"-45. 

Being left till Sept. 10 at the temperature of the room (15° to 
20°) and then again compared at 87°, their corrections were found 
to be 

-f0°-08, -0°09, 

showing depressions 0°'13, 0°*15 as compared with the obsen^a- 
tions of Sept. 7. 

This change attracted Wiebe's attention ; and he followed it up 
by elaborate tests of two thermometers, No. 125 of Jena glass, 
and No. 31 of Thuringian glass. 

The thermometers were first compared several times in alcohol 
vapour at 78°*5 ; they were then kept for half an hour at the 
boiling point of water, and then again compared repeatedly at 
78°'5; several comparisons at 0° being made between these various 
observations. The results are given in the two following tables, 
the first containing the observations at 0°, and the second those 
at the higher temperatures. Each result is the mean of four 
separate readings made with a small telescope. 

1 ZtUschr.f. Instrum,, 8. 362 (1888). 
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^Hhe Hrst taMe shows that the themiometers were expoBed to H 


BFtempcrftture 78'ii during four succeesive periods, together ^M 




,m 




No. 125. 


^M 


H 8.pl«1»17 


After rut at IB° 


-hO°-071 


-I-O'-ISS ^M 
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., 7 mill, rt TS-'S 


■038 


-0'1S9 ^H 
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., 7 „ 7«°-5 


■035 


•207 ■ 
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„ 64 „ 78°'5 
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„ .16 „ 78°5 


1)31 


■ 


■ 


.,32 ,. iwr-a 


■018 


^H 


■ 


„ 22 „ 78'-5 


■028 


■*u m 


■ S«pt«mW IS 


„ reitBliy 


•060 
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■ 


„ 48mia.M 8T-7 


- 
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!wiing -040 and -465. Ttie first of these heatings lasted H 


7 minutee, and produced depressions '033 anfl ■317. The ^| 


further heating for periods amounting to 127 mina, produced ^M 


IS88. 


Tim*. 


No. 135. No. 31. 
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■496 


■Ji38 
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■496 
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^H 


38 
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44 
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^H 


43 


■493 
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■487 
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further depressions '007 and '148. The further exposure to 
the temperature of boiling water for 32 mins. made the total 
depressions amount to '053 and '638. 

The second table throws further light on the behaviour of the 
two thermometers. 

After the comparison at Ih. 36m., Sept. 17, the temperature of 
the vapour rose to 7 9 '5, owing to an increase in the pressure: 
and the observations were not resumed till the pressure had fi^in 
become normal. The barometer remained nearly constant on 
Sept. 17, and was 3 mm. higher on Sept. 18. 

If we leave out of account the early observations taken tefore 
the instruments had quite attained the temperature of the bath, 
the readings of the Jena thermometer are all in good agreement, 
even including those taken after exposure to the temperature of 
boiling water. On the other hand, the thermometer of Thur- 
ingian glass shows a continually increasing depression during the 
whole time of its exposure even to the alcohol vapour. The 
depression comes into evidence even at the beginning; the 
thermometer reading lower although its temperatui-e was really 
rising. Before exposure to the temperature of boiling water, the 
depression had attained the value 0°'19, and after this exposuie 
it was about O'^'oO. Wiebe calls attention to this circumstance 
as showing that the use of Thuringian glass for boiling-point 
thcnnouieters is out of the question. 

Since the introduction of boiling-point thennometers of Jena 
nonnal-glass, it has been frecjuently pointed out^ that these 
instruments are fully competent to take the place of barometei-s, 
even in travels of great extent; and the same may be said 
a fortiori of thermometers of the borosilicate glass 59"\ In the 
case of this latter, the depression of zero resulting from such 
heatings as are required in the use of the instrument, would l>e 
(juite immaterial. Moreover the instruments woiUd be much less 
])erishable than mercurial barometers, being able to bear jolts, as 
well as sudden changes of temperature. If made of glass that 
has been skilfully cooled, and subjected to artificial ageing, there 
will be no necessitv to test them at ' and several centimetres 
can thus be saved in their length. 

116. Secular Rise in Unused Thermometers. Some 

^See Griitzmacher, ZeiUchr. f. Inslrum., 17. 200 (1897). 
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1 ou the secular rise of zero in theniiometers of Jena 

hal-glas8 18 given by the obsen-atioiiB of F. Allihn publieheil 

1 the Zeitschrift fUr Ancdyt. Chemie, 28, 435. and 29, 381 

1889-1890). which are reproducetl in the following table. The 

' instninients on whiuh they were made were by Warm- 

1, Quilitz and Co., and were di\iiled to tenths of a tl^ree. 
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Ifitst set of readings were taken a few weeks after the 
! of the instrumente, which theu remained unufied till Felx 
889, when their zeros were again tested; ami in March 1890 
liose of tbem which still remained unused were again teBtenl. 

tlotnl rt-ie, in about 4 vi'ai's, varies from 0'''03 to 0"'0-t. 
|T. Effects of Higher Temperatures. The creeping up of 
willi lung exix.wure to high tenniertitures ha« l>een « frequent 
itiject of inve&tigHtiou for ihn last tifty yeare or more. We 
tiall deal only with researclics which include comparisons of 
s thermometers with other thermometers.' 

xA as Wiebe 1., Wjebe 11., Allihn. Scholt, sre the following : 
. H. F. Wiebe. On ohuigu of mercurial thermometers >t high tern. 
pmkture*. Ztiturh./. Inilnim., ». 373(1888). 
■ H. F. Wiebe. On the employment of roercnrikl thennometer* at high 
Unnpermturea. ZtUvJ,. f. Inal., 10. 207 (1890). 
. F> Allilin. On riH of lero in niercnrial Ihermometers nf Jenft oomial' 
BUb. ZfHtk.f. Analyti^ke ChrmU. 28. 4.'» (1800). 
V. O. Schoit. Html; of aams phytical propertiei of glaaaes. and on » 
valiubte new glaaa for tliermomBtry. ZeiUehr. /. Itmtntm., II. MO 
(le9U 
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The older observations showed that, when a thermometer is 
maintained for a long time at a high constant temperature, 
its zero rises, first quickly, and then more and more slowly, 
tending probably to a limit dependent on the temperature; 
further, that the thermometer is thereby rendered less susceptible 
to change of zero at more moderate temperatures. 

Wiebe brought together (I. 374) the observations of Person, 
Kopp, and Crafts, and confirmed and extended them by his own. 
AUihn's researches are in good agreement with Wiebe's. Schott's 
paper includes the recently produced borosilicate glass, and also 
describes researches calculated to throw light on the causes of 
rise of zero when thermometers are heated. 

Amount and Progress of Rise of Zero for Various Glasses. 

Wiebe published (I. 375) a short account of his experiments, 
performed in the years 1877-1881, on thermometers all of 
which were of Thuringian glass. One of his results may here 1)6 
quoted. Two thermometers about 9 months old, were exposed to 
temperatures which increased by steps up to 300*^, each exposure 
lasting a few minutes, and being succeeded by immersion in the 
ice bath. In this experiment, the depression increased with each 
step up to 250° ; but when the two thermometers were mised ti» 
300* for five minutes, their depressions, which had gradually 
advanced to 0''"5 and 0°*6, were diminished by 0'*1. Extended 
experiments on the tempQratures at which such reversals occur 
seem never to have been made. 

Wiebe also made a series of comparative observations on the 
elevations of zero for thermometer glasses of different compositions. 





Aggregate 
Exposure. 


Position of Zero. 


Date. 


181" 


14III 

o^-so 


16"! 


20III 
0**-34 


Eng. ,-,11 
Glass. *' 


1S85 — November 11. 


3^ hours 


0*-14 


0^-29 


0'-38 1 \y-&) 


>» »» !•'• 


6i „ 


-31 


-61 


0-63 


-57 


1 -04 1 \'i 

1 


14 


m „ 


-66 


-94 


1 -07 


1 -88 


2 -33 ' 3 •<»: 


»» >» l"' 


m M 


-80 


1 09 


1 -24 




2 -73 1 3 -ao 


20. 


191 .. 


1 11 


1 -40 


1 ol 




3 -63 1 - 

1 


Mean ratio to 18"', 


. 


1 •() 


1 -6 


1-7 


2-4 


3-2 '4-8 



as 



Thermometers of the Jena ghisses 14'", 16"', 17"', 18"', 20' 
well as of English crystal (see Art. Ill), all of them several 
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monllis' old, &nd ii]) tu tliat lime only exposed to modemle 
tern {ler&tu res, were simultaueoiisly raised several times to the 
temperature ^00", for periods of a few houi-s' duration. The 
positic.ns of their zeros after each heating are exhibited in the 
foregoing table.' For the sake of clearer comparison, Wiebe 
tM)mput«d, for each periwl of exposure, the ratios* of the readings 
to the reaiiing of 18'", and then took the means, which are given 
at U»e fuol of the luhle. 

Tlie following are lUv RWilts of some comparisons which he 
made * between the Jena normal-glass 1 6'" and Thnringian glass. 
The vahies for 1 6'" are the means of the results given by two 
new thermometers in July 1888. The values for Thuringian 
glafls are derived, with the aid of interpolation, from observations 
also made on new thermometers. The temperatures were in all 
cooes between 360° and 370", The elevations of zero were more 
tlian three times as great for the Thuringian as for the Jena glass. 

^B Wiflbe concludes with a detailed account of the l)eha\ iour of 
^■•fljree thennomelers, which have lieen mentionetl in Art. Ill 
under the designations Fy I"^, F^. F^ was of the Cierman jxttash 
gUas used in the middle of the nineteenth century for the 
cxmstruction of thermometei's ; F^ and F^ wei-e of Tliuringian 
fi]aBs. According to Wiebe's table, the elevations of zero jjro- 
iloced were : 

F^ after 38 hours at 260'' = 0°-73, 
/; „ 32 „ „ =l'-37. 
K '• *'8 „ „ =2°-15. 
r Allibn, in his researches, heated the thermometers in a 
■nd-tiaUi, in order to avoid the chemical attack of tlio hot water 
t the glam, which might possibly occur in the usual lii^uid Itatli. 
" ■ arrangements wen? such that the ttunperatm* could be kept 
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EUvBtioii of Zero. 


Ratio. 


of Heating. 


IB"' 


ThoringiM. 


SboDTR 

13 ,. 
16 ,. 


l'-5l 

2-21 


6Sfl 
7 30 


1:31 
li3-5 
1:3-3 



'Wi«be,1.37:. 



'Oui., STB. 
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in the neighbourhood of 300*", with fluctuations not exceeding 
10°. The mean temperature is taken by Allihn as 290^ 
Three thermometers were selected for the tests ; two of them by 
Warmbrunn, Quilitz and Co., of Jena normal-glass, and one of 
Thuringian glass. The two former were unused thermometers, 
about a week old, with nitrogen above the mercury, divided to 
whole ^ degrees from 0° to 360''. The third (also unused), was 
about five weeks old, and was similarly divided, but without 
nitrogen. The observations of zero were in most cases made 
24 hours subsequent to the exposures to high temperature. The 
results are contained in the following table. Before the com- 
mencement of the first heating, all three instruments read CO 
in the ice-bath. 



Duration 
of 


Position of Zero. 


Exposure. 


Jena Normal-Glass. 


Thuringian. 


5 hours 


+ r-o 


+ r-o 


+2'*1 


5 „ 


1 -3 


1 -5 


2 7 


5 „ 


I -5 


1 -7 - 


3 1 


5 „ 


1 -6 


1 -8 


3 -4 


5 „ 


1 -7 


1 -9 


3 -6 


5 „ 


1 -8 


2 


3 -7 


25 ,, 


2 •() 


2 '2 

- 


4 -2 



In Wiebe's researches above-mentioued, a thermometer of 
16'" showed a rise of zero 1°'57, after 19 J hours continuous 

>psure to oOO'. Allihn here finds, after four exposures of five 
hours each, a rise 1°'6 to 1''8 ; tlie agreement is therefore pretty 
close. All through AUihn's observations, the Thuringian glass 
shows nearly double the elevation of the Jena nonnal-glass. 

Wiebe afterwards extended his researches to higher tempera- 
tures, up to 500°.- Mercurial thermometers are generally nse<i 
oidy up to 300^ because at higher temperatures the mercury 
(in vacuum thermometers) begins to boil. Boiling can be pre- 
vented by filling the space above the mercury with nitrogen or 
some other gas indifferent to mercury.^ 

^ [Dr. Hovestaclt suggests in a footnote that this may be a misprint for tenths of 
a degree.] 

- Wiebe, II. ^ Carbonic acid is now commonly employed. 
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rthe HOB is iutruduceii at atiiiosphtinc pressure at 20', and 
is a space equal to r degrees above the n"* degree of the 
BCftle, then, when the mercury stands at n degrees, the volume of 
the gas has been reduced from r + n — 2Q to r. so that even if 

n — 20 
its temperature were not raised, its pressure would be l-{ 

atmospheres. 

Wiebe used five thermometers of Jena nornial-glasa, numbered 
279, 281, 282, 283, 284. They wei« " Einscldiiss " thermo- 
meters,' with an enlargement nt the top of the capillary tube, and 
Were filled with nitrogen intended to prevent boiling at 4^0". 



It — "'0 
put n = 450, and equate l-\ ^- to 4 J, which is the 



I: 

^^KQre (in atmospheres) of luercurinl vapour at 450\ we get 
T" 123 as the volume of nitrogen required. 

The scale of Xo. 281 reached down to 0' ; those of the other 
four began a little below 100". 

The investigation was begun by exposing the two therraomeiers 
buiiibered 281 and 282, for successive intervals of a few minutes, 
to temperatures rising by successive steps up to 475 ; und the 
" ! results were obtained : 




K explanation of these results, it is to be noted that No. 281 
I the previous day been heated to 211' — an operation which 

i MiiueUutmlJurmomiltr [eDfloaurc-thcrmouieterl hu il« item enclcraol 
b Ut OMMr J|)ua tiilie leitleil on to the sMni *t both cnda, leaving the bulb 
"~ • divisions ut nut ou die ■Inn. but on a thin glui pUte held cloie 
itUthocl to the outer tube. Ttw p»tUirn U common in 
l-i> not mute in Ilji|;Wd. The ardinuy pattora ii c«]l«il. tor 
tr [riHl tberiiiometorj. — J. D. E. 
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had already depressed its zera It aoooidiiigly showed no ohange 
till heated above this temperature. Its first bhange is 'a {iirfher 
depression of O"**! by heating to 300^ TbB depreflsioti is chaagBd 
to an elevJAtion by heating to .400^ In Thnzingian glass (m 
stated on p. 262), Wiebe found a similar change, fiom depreasum 
to elevation, not at 400"* but at 300^ 

By farther heating at 420"* and 460% fiirtber elevationa of 
freezing point and boiling point were produoed, bat at a ibwer 
rate, as the following record shows : 



Sncoesuve Exposures. 

• 


No. 281. 
PoaiUon of freasing. 


No. 282. 
Pontion of boiling. 


1 hoar at 420" 
f « 460 
U „ 460 
li ,. 420 
If ., 420 


iri 

16-8 
10-9 
20-8 
20-7 


iia^-o 

116-2 
190-2 
190-8 
191 1 



The other three thermometers were subjected to the same 
treatment as these two, and showed finally the boiling points: 



No. 279. 
122"-0 



No. 283. 
123"-2 



No. 284. 
120*^-4 



These three instraments were then subjected for four hours 
to a temperature of about 500"" in fused lead chloride. This 
produced a cousiderable lowering of the boiling points, which 
persisted after subsequent heating at 4 SO"', and must therefore 
be regarded as indicating yielding of the glass bulb to the strong 
internal pressure when softened by heat. The depressed boiling 
points were 

101°0 104°-6 106**-2 

In preliminary tests, Wiebe subjected two thermometers of the 
borosilicate 59"' to the temperature 300° for 30 hours.^ One 
was treated in the ordinary way ; and the bulb of the other, before 
filling with mercury, had undergone the " fine-cooling " process. 
The zero of the first was raised 3°*9 ; that of the second only 
0°1 or 0°-2. 

1 Schott, 334. 
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Schott himself undertook further experiments with this glass.' 
The thermometers which he tested had at the upper end of the 
lube a bulb about as large as that at the lower end, so that rise 
of the mercury in the tube could not much affect the pressure of 
the ^as above it. This gas was nitrogen at an initial pressure 
of 10 atmospheres. Two of ihe thermometers were kept from 
two to three days without intermission at from 470° to 477°, 
then for nine days in a thermoregulator at 860°, and then cooled 
down to ordinary temperature. The mercury finally stood from 
13° to 16° too high. The pressure of the gas must have reached 
between 27 and 28 atmospheres, 

Finally Schott heated a thermometer of this kind up to the 
softeniug point of the glass. The temperature was measured by 
u Jolly's gas-thermometer, the gas being hydrogen, and the glass 
69"'. The gas- thermometer and the thennometer to be tested 
were heated together in a jacketed sheet-iron cylinder, from 
which only the enlai^ement at the end and a small portion 
of the tube of the mercurial thermometer projected. The 
beating was continued until, in spite of tho gradual elevation 
of temperature which was going on, the mercurial column in 
the gas thermometer began to fall, indicating softening of the 
glaas. The temperature attained was estimated at 607°, after 
making allowance for the distension of the softened bulb under 
the internal pressure. Without this allowance the calculation 
gave 596°. 

Hence it appears that for a period of half an hour a tempera- 
ture averaging 640° was maintained. The bulb of the mei-curial 
thennumeter must therefore have withstood an internal pressure 
of from 10 to 15 atmospheres. Its capacity had increased about 
1 per cent 

AVe may mention finally some tests applied by Griitzmacher * 

lo two high-temperature thermometers of the glass 122'", which 

is a biirylu borosiliciile free from alkali. The instruments were 

..maintained at temperatures lying between ;I00° and 350", with 

|follo«-iug results: 

After 18 hours, - - elevation 0''21 

., 44 „ .. 0-41 

., 00 .. ... 0-:>l 

Schott, XU. ^ZtilThr./. UUrum., 16. 26^ (l«i)5). 
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These are even better than the results obtained with the 
borosilicate 59"^ 

Permanence of Raised Zero. One of the six thermometers 
which Wiebe tested for five days, in November, 1885,^ by 19} 
hours' aggregate exposure to the temperature 300°, was of Jena 
normal-glass 16'^^. On this instrument some subsequent observa- 
tions were made.* On Nov. 10, before the experiments already 
quoted, its zero reading was 0°*11. On Nov. 24, when thev 
were just completed, it was 1°*68 — a rise of 1°'57, as stated 
in the table already given. 

The thermometer was left to itself till Feb. 23, 1886, and its 
zero reading was then found to be 1°'73. After another rest of 
nearly li years, its reading was 1'75. It was then subjected 
to several long- continued heatings at 260°, with the following 
results, which show a small increase to a definite limit practically 
attained in the last observation. 

1888, July 14, after 4 J hours at 260°, reading l''-80 

18, „ 5 „ „ 1 -83 

19, „ 4 „ „ 1-85 
Sept. 4, „ 4 „ „ 1-86 

It is thus seen that 19 hours of heating at 300° prevent the 
production of any considerable further rise under subsequent 
exposure to 260". "For chemical thermometers of Jena normal- 
glass, a 24-hour heating at 300° before graduation will suffice, in 
most cases, to ensure that any elevations of zero in subsequent 
use shall be inconsiderable." 

Further experiments on the constancy of the raised zero were 
made^ at still higher temperatures with the three thermometers 
numbered 279, 283, 284 already mentioned.'* 

The softening of the glass at 500° had left the boiling-points 
at tlie positions 101 '0, 104*6, 106*2, as already stated. Sub- 
sequent heatings between 400° and 450° were found to produce 
rise of boiling-point readings, but on a much smaller scale than 
before heating at 500°. After a time, heating at 400° or 450 
produced no further change of boiling-point reading.^ The 

^ See page 262. -^ Wiebe, I. 377. » Wiebe, II. 209. * See page 265. 

^ A mixture of equal parts of potassic and sodic nitrates, fused in an enamelled 
vesHel, was the heating medium employed. 
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obeervatioDS are given in the following table, which commences 
—with the bealiog at 500^ already mentioned: 



Dmte. 






BoUiDg.Pobt Ee»lli>e<. 


No. 27B. 


No. 283. 


No. 284. 


July 12 


AlUr 4 hour* 


1600° 


lOl'fl 


10*°-6 


10fl*-2 


„ IS 


,. B -. 


«0 


103-2 


106-9 


108-1 


- 20 


.. 18 „ 


450 


m* 


106-7 


lue-fl 


.. aa 


„ 6 


«0 


104 -4 


106-6 


loe-i 


.. ^ 


.. 4 


400 


104-5 


_ 


100 -1 


.. 25 


,. 12 


420 


104 '4 


— 


109 -0 


8ept. 4 


,. ^daya-r 


nt 


104 -4 


— 


108-9 


.. <i 


„ H houn 


t460 


llH-4 


- 


108-1 



Trom these reaults, Wiebe concludes that mercury thermo- 
teten of Jena normal-glaes, with nitrogen above the inercnry, can 
be used with confidence for meaauring teiuperaturea up to 450". 
if they have been previously fortified by long-continued heating. 

Thermometers of the borosilicale glass 59"' can be used for 
Still higher temperatures, as its temperature of eoftening is 
higher. 

^hott states,* on Czapski's authority, that Baudin of Pnris 
seasons his high-temperature thermometers by keeping them 
for eight days in boiling sulphur, which has a temperature of 
about 445\ 

Instead of hpating and cooling without special precautions, 
Schott recommends that, before filling with mercury, the thermu- 
meter bulb sliould be subjected to the "fine-cooling" process, the 
beneKt of which has been clearly proved* in the case of a thermo- 
meter of 59'". 

When thermometers, after elevation of zero by healing, are 
left to themselves, they sometimes show further elevation, 
Bometitnos depression, and sometimes constancy. The normal- 
^M8 thermometer ftrst mentioned in this section showed, after 
three months' rest, a rise of O'Oo ; No. 279, after 41 days' rest, 
showed no change; while No. 284, after the same rest, showed 
• depression of 0-1. 

Winkelniann, in his experiments on the variation of elasticity 



>8oiH)it.3$a, 
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with temperature^^ used two hig^-feempentiue thennooieteEs of 
borosilicate glass, numbered 4142 and -4144, whioh allowed tiM 
following changes of zera' 

rainMiD 01 a&oK 

Na4142. Na4144. 

1893, August 18, * - 0-3 1*2 

1895, May 16, - - 3-6 — 
„ Dec 20, - - 4-6 5-0 

1896, Oct. 22, . . 4-0 4*4 

In the interval from Dec. 20, 1895 (or, rather, 6om Jan. 24, 
1896, when the heating ceased) to Oct 22, 1896, the elevations 
of both thermometers were diminished by 0^*6. 

Rise of Zero Compared with Dqnrenion-coiurtant. From 
his observed values of the elevations of zero produced in siz 
thermometers of dififerent glasses by continued heating, Wiebe 
deduces (as above stated)' ''mean ratios," which he adopts as 
representing the relative susceptibilities of the six glasses to this 
influence. They are reproduced in the subjoined table, under the 
heading A ; and the depression-constants (as defined in Art. 109) 
for the same glasses are given under the heading D. It will be 
seen that the order of arrangement is the same for both.^ 









A 


D 


18"' 


. 


. 


1-0 


004 


14111 


- 


- 


1-6 


006 


16'" 


- 


- 


1-7 


0-06 


20'" 


- 


m 


2-4 


0-20 


Englisl 


1 crystal 


- 


3-2 


0-27 


17'" 


• 


- 


4-8 


105 



The following table ^ shows that the same rule holds for the 
three thermometers F^, F^, F^, which have been previously 
mentioned : ® 



^1 
Ft 
F, 



After 38 honra at 260* 
82 „ 260 
38 .. 260 






>) 



Elevation. 



0^-73 

1 -37 

2 16 



0"-16 
0*38 
0*65 



> See page 161. 
'See page 292. 



^Ann. d. Phyn. «. Chem,, 61. 141 (1807). 

« Wiebe, I. 377. ^/Md., 878, •See pi«e 263. 
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Temporary Dimination of Depreasibility. These three 
theniioiuelcrs {F^ heing of old Germau potnsli glass, aiid F,^. F^ of 
IhuriDgian glass) were subjected by Wiebe, between March 21. 
1881, and Sept. 24, 1888, to numerous hentings at 260°, and 
numerous determinations of zero. The following extract from 
the record of these observations' contains the history of the 
thermometer F^ from Mareh 21, 1881, to Aug. 31, 1888. In 
May, 1883. all three thermometers were opened, and, after 
SQttuig off a sample of the capillary tube for chemical analysis, 
heated till the mercury boiled, and sealed up again. 



^ Dmte. 




Zero. Point. 


Z» 


Hil— Much 21. 


After MVBntl month*' rort, 


+(r-21 




■•• 


,. balf-Bii-houT at lOU' 


-0*4 


OM 


K»-M.r. 


Opeoed, boiled. reieaJed, 






KtSm. 19. 


After two inoaths' reat, 


+ fi -22 




^^B^tu 


„ hjf^-hourat lOO* 


+ 4-66 


0-58 


^^^Bt ^ 


„ 5 month«' reit, - 


+ 5 3* 




^^^^^B 


,. h»U-Ki-honr at 100° 


+ 4 74 


060 


^^^T^ 27. 


6i hour* »t aar, - - - 






K " ^- 


After 2 days' rait. 


+ 6-29 




■b-^Dly 31. 


„ IT months' reat, - 


+ 6-61 




^L ^• 


„ halZ-an-bour at 100" 


•fS <ja 


0-81 


■bB-^dIjtIS. 


After 3 yeara' reat, - • 


+ 8 74 




H' 


„ half -anhour at IWf 


+ 6-08 


60 


H 


3 hours at 2*1% ■ ■ ■ 






B 


ahouraatacn - 






H 


AfWr 3 dayi' rest, 


+ 6-58 




H n-ax 


23hoarBat26ir. - - ■ 






B« 


After 1 day'i r«t. 


+ 7 -13 




K Ang. 31. 


„ 1 month's rest, - 


+7-4» 






„ half.an-hour at lOCC 


+7-07 


0'4a 



Tbu last column gives the depression-constant as observed after 

ftcb half-hour of heating at 100°, The influence of previous 

iog on the depression-constant is here distinctly perceptible. 

. 19, 1883, shortly aft«r the boiling and resealing, and 

k«BAug. 31, 1888, shortly after long heating at 260\ the 

tant is considerably diminished. The other two 

' Wiebe, I. 37fl. 
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thermometers F^ and F^ behaved in the same way. * One seeBi 
from these results, that observations of de pr oaaion, taken soon 
after the making of a thermometer, fDmish a vtiy dnbioiis 
criterion of the suitability of the glass for thermometrio use, 
inasmuch as the high temperatures emplojred in the making canae 
these depressions to be too small To determine the full amount 
of after-efifect characteristic of any glass, the thermomefeer must 
either be kept for many months or be artifioiaUy seasoned," 

Rise of Zero as a Ckmaeguence of Sellttf of Btreaa Schott 
has suggested that the rise of zero of a thermometer, produced bj 
continued exposure to a high temperature, may be due to the 
removal of stress previously existing in the glass of the bulb. 
In his account of his observations on the diminution of double 
refraction by continued heating, in the case of strongly stressed 
glass cylinders,^ he remarks that the gradual disappearance of 
the stresses which are present in all specimens of glass not 
cooled with extreme care, " is accompanied by a diminution of 
volume (involving increase of density), and, in thermometers^ by 
diminished capacity of the bulb," which will of course produce 
advance of the mercurial column.' He goes on a little later to 
describe an arrangement which he employed for giving optical 
evidence of the existence of stress in the glass of a thermometer.' 

A cylindrical thermometer is placed within a tall rectangular 
cistern, made of glass plates cemented together at the edges. 
When the vessel is filled with a transparent liquid having the 
same index as the glass of the thermometer, light passes through 
the tube without undergoing refraction, and the appearance 
presented is that of a vertical section through the axis of the 
thermometer. The usual test by polarised light (with crossed 
Nicols and a concave mirror) showed the characteristic bright 
and dark bands. 

In strongly stressed cylinders of normal-glass, Schott observed, 
after heating to 400''-410°, a diminution of double refraction, 
indicative of diminished stress. With cylinders of borosilicate 
thermometer -glass, a similar diminution was found after heating 
to 430''-440^ Acting on the knowledge^ that Baudin had 
employed boiling sulphur for the seasoning of high-temperature 
thermometers, he subjected the borosilicate glass 59"' to a further 

1 See Art. 29. * Schott, 332. ' Ibid., 335. « See page 269. 
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nrt cylindrical piece <if this glass with plsne 
iheil ends, which when lirat tested between two Nicola 
^Showed " more rings than could be counted," was kept in 
boiling sulphur for four days, and afterwards showed only 
ttaiee rings. 

The diminution of stress shown by these optical tests is 
obtained without softening in the ordinary sense of the word. 
Thennonieters of the glass 59'" at temperatures between 470° 
and 477", when subjected to internal pressures of 27 to '2S 
atmospheres, were not distended, but, on the contrary, liad their 
zeros considerably raised,- and thermometers of 16'" with 
nttroKi^n above the mercury also showed elevation of zero after 
beating at ■175V 

The possibility of producinj;, in strongly stressed glass cylinders, 
by exposure to even such a moderate temperature as 100', and 
for a comparatively short time, perramtent molecular displace- 
ments cencling to relieve the stresses, is shown by Pulfrich's 
obdervations on cylinders of the silicate crown 0. 662, which we 
have mentioned in page 218. 

Taking these facts into account, and also the consideration 
that stress is more easily removed from the walls of a hollow 
vessel than from the substance of a solid cylinder, Schott's 
suggesliou as to the cause of the rise of zero produced by heating 
tnercnry thermometers seems to be a satisfactory explanation of all 
the known facts. 

In particular, these observations of Pulfrich's show that, after 
^e displacvnieat produced by maintenance at a given temperature 
has reached its limit, exposure to a higher temperature can make 
the displacement begin anew and rapidly advance. After a 
cylinder of O. 662 had remained immersed in boiling water for 
three hours, without distortion of its polished plane ends, live 
minntes' immersion in oil at 200° caused them to exhibit 
ooncBvity. This is precisely analogous to the fact, established by 
sU researches, that a thermometer whose zero has been raised 
bf lADg-cotitinueil heating at a given temperature, until it bos at 
Ivagth become stationary, will begin to exhibit further rise of 
uro when maintained at a higher temperature, 

idubiuble proof that the rise of zero produced by maintaining 
mometur at 100°, is due to relief of stress existing in tlie 
■6ehott,33e. <S« page ^7. ■Sos |Mtge2e6. 
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bulb before filling with mercury, is furnished by Wiebe's experi- 
ment (mentioned on p. 249) in connection with artificial ageing. 
Two thermometers of borosilicate glass, one of which had been 
subjected to the " fine-cooling " process before filling, were both 
maintained for 12 hours at 100° and slowly cooled. Under this 
identical treatment, the fine-cooled thermometer had its zero 
raised only one-third as much as the other thermometer, which 
had not undergone special preparation. 

The temperature of 400° at which, according to Schott's 
observations, the falling off of stress in cylinders of normal-glass 
is optically perceptible, shows itself as a critical temperature in 
experiments on change of zero. When Wiebe heated the ther- 
mometer No. 281 [p. 265] at successively higher temperatures up 
to 475°, for periods of a few minutes, depression was produced 
by heating at 300°; but heating at 400° changed this into a 
much larger elevation. It has been already mentioned, in our 
account of these experiments, that a similar transition from 
depression to elevation occurred at 300° in the case of ther- 
mometers of Thuringian glass; the lower temperature of transition 
being a natural consequence of the lower melting point. 

Increase of the Fundamental Interval [that is of the 
difference between the reading at the true temperature 0"" and 
the reading at the true temperature 100""]. The rise of zero 
produced by heating a thermometer is accompanied by increase 
of the fundamental interval. This fact was first detected bv 
Crafts, and has been abundantly confirmed. It is attributed, by 
general consent, to diminution in the expansibility of the glass, 
and furnishes another argument in support of the view that the 
rise of zero is due to the relief of pre-existing stress ; for we 
have seen, in Art. 98, that the expansibility of stressed glass 
may be greater by several per cent, than that of the same glass 
when freed from stress. 

An observation by Wiebe on the thermometer No. 2 8 1 of Jena 
normal-glass will serve as an illustration. By continued strong 
heating, the zero point was finally raised to +20°*7, and the 
" fundamental interval " was at the same time changed from the 
initial value 99°-9 to the final value 100°-4. 

Let Vq be the volume of the mercury in the thermometer at 0\ 
y the mean coefficient of expansion of mercury between C and 
100°, /3 the mean coefficient of cubic expansion of the glass before 
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heating. Then the volume (at 100') of the space between the 
freezing aud Imiling points ia lOOe^iy — ^). 

Let |S' be the diminished value at ^ after the heating. Then 
the volume between the new freezing and boiling points is 
100r^(y — ^'). If « and n' are the values of the fundnmeutal 
interval before and after the healing, we have ^ 

Zl'^Vn^ or "--" = ^-'3'. 
I n y — ji ' n y — p 

■ Putting n = 99-9, «'= 100-4, 7=182xlO-^ and j8 = 244 

Ix lO"^ which ia the observed value for Jena normal-glass cooled 

in the ordinary way (see Art. 98). we deduce ^ — /3' = 79 X 10"^ 

fihuwin:; a diminution of more than 3 per cent, in the expansibility 

of the jjlass. 



118. Comparison of Normal-glaas Thermometers with one 
'uotber and with other Mercurial Thermotnetera, Wiebe 
compared, over the interval 0' to 100", the indications of various 
nidiciirial thermometers, of Jcnu nornial-<;laas and of other 
gUases.* Thiesen, Scheel, and Sell have since made com- 
parisons, over the same interval, between normal-glass IG'", 
borosilicate glass 59'", and the vt-rrc dur used by Tonnelot.^ 
For the interval 100 to 300°, Wiebe and Biittcher* have 
furnished data for comparison between several thermometers 
of IC'", in the course of their comparisons of mercury thermo- 
meters with the air thermometer. 

Comparisons between 0' and 100'. Wiebe's comparisons 
were carried oiil. at the Kuichsanslalt in 1888 aud 1889, on 
HxKK normal-glass thermometers, numbered 245, 246. 247. 
The iuatnimonts were ilivided to tenths of a degree, and their 
errors of calibration were known. They had also been several 
times tested as regards their errors of " fundamental interval " for 
different positions of the zero point. 

p In this oiiuutatiaii, the valumc bclwet-ii Lwo giwn miirka oii Iho item is 
tnated u anchiiiiged. in comiutriug initial and Anal atatea, at tho aatoc tciupera- 
Uro. Ita raluea at the ImiUiig poinl are in fact %a 1 ^ KNM to l + llM|3', and 
tW ntio of thme two U 1 + 100(;1~^| or 1 Ta> 10', whiub may In Ireatwl a* 
mjty-l 

^ZtHadL/. tu^ntm.. 10. iXi ( IStN)). ' I'nil., 15. 4.'U(IKf)5|. 

•/Wd:, la 333 (IWO). 



JENA GLASS. 

1 5° and S'l' the comparisons were made in a water-bath, 
the whole of the mercurial coluum heing always below the surface 
<rf the water. For higher temperatures up to 96°, the vapours d 
vftrions liquidB were used as immersing media, the boiling-poini 
appamtno employed for the purpose being essentially a. Rudberg 
boiling-tnbe with back-flow cooler.* 

Foar aeries of observations were made ; the first in April I88S, 
on Nob. 246 and 247. from 5° to 97°; the second in August 
1 888, on the same, from 5" to 3 5" ; the third in September 1 888. 
on all three thermometers, from 5° to 92°; and the fourth iu 
April 1889, on all thi-ee, from 5° to 96°. Wielje gives the 
reenlts in four iahlea, ouo for each series. 

In the first aeries, the difTerence betveen the reading of one 
thermometer and the mean of the two, svemgeB O'-002, aod 
amounts in only one instance to 0'''00&. 

In the second, it avflzages 0°*003, and once mtobeB 0'''006. 

The third series includes readings of all three thermometeis at 
1 7 temperatures of comparison. The average difference horn the 
mean is 0''-004, and the la^;eat O'-OOg. 

In the fourth series, which consists o^ readings of all three 
instruments at 16 temperatures, the average difference from the 
mean ia 0°005 ; the difference being, in three instances, greater 
than O^'Ol, and amounting in one instance to 0°'019. 

The differences did not follow any well-defined law. The 
outcome of the observations is, that thermometers of Jena 
normal-glass, after being corrected for errors of calibration, of 
zero, and of value of a degree, show complete ^reement within 
the limit ±0°-01. 

Wiebe further compared, between 0° and 100°, the above- 
mentioned three thermometers with a thermometer. No. 20, of 
Thuringian glass, another, No. 115, of English crystal, and a 
Tonnelot thermometer, No. 246. 

The Thuringian thermometer, which was 70 years old, and 
had the relatively small depression -constant 0°14, gave, at 
temperatures below 82°, higher readings than the normal- 
glass thermometers, the difference amounting, at two points, 
to 0°-05. 

The English thermometer read lower than the Jena glass 
thermometers, the difference often amounting to 0°'l7. 

■It 18 figured and minatelrdeTCribed in ^«>(M&./. JnMrum., 10.27(1800). 
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^R the usual strip of white eniitnel. It was only tested up to 
30'. and so far it agreed perfectly with the corrected reading of 
No. ^46 ; that is to say, the differences noted never exceeded the 
aible errors of observation. 

I obaervations of Thieseu, Scheel and Sell were (like those 
Viebe), conducted at the Reichsanstalt. The instruments, 
■ the most exact determination of their errors (of calibra- 
Uon, zero point, and distance between fixed points), were 
compared in several series of observiitions. In some series 
the thermometers were in the usual upright position, in others 
they were horizontal All the comparisons were made in a 
water-bath, the higher temperatures being maintained by a 
. traversed by steam. 

2ries of observations (the thermometers being vertical 
me of them, and horizontal in the other two,) agreed in 
ing 8 systematic difference between normal-glass and wrre 
^thermometers, three instruments of each kind being observed. 
MBt („ denote the menu reading of the three thermometers of 
Vnormul-gluss 16'" ; tj the mean reading of the three Tonnelot 
thoruometers of verre dur ; and t without suffix the mean 

IWu + 'r)- 

Iien, assuming that the difference between <,„ and tj. is 
irtional to the product of the two iniervnls / — and 
— (, we have (x being a constant), 
iralae of x deduced from the observations was 00250. 
Again, the mean reading of three thermometers of the boro- 
silicate ylass 59'" being denoted by t^, it was found that the 

tations agreed with the eijuation 
: 



100« * 
t(100~t) 

^ 100* ■ 



'» f- y iQQt ■ 

lue of y being 0-3336. 

means of these formulae, the followioc; table of differences 
the thrpu kinds of thermometers was calculated : 
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Unit O^OOOl. 



Temperature. 


<!•-< 


^-< 


<r-« 


* 


<r-<M 


tr-im 


5' and 95' 


+ 12 


-158 


-12 


+ 171 


- 25 


+ 146 


10 „ 90 


23 


300 


23 


828 


47 


277 


15 „ 85 


33 


425 


33 


458 


66 


892 


20 ,, 80 


41 


534 


41 


575 


88 


492 


25 „ 75 


40 


626 


40 


674 


97 


677 


30 „ 70 


54 


701 


54 


755 


109 


646 


35 „ 65 


50 


759 


59 


818 


118 


700 


40 „ 60 


62 


801 


62 


868 


ld4 


788 


45 ,. 55 


64 


826 


64 


890 


128 


761 


60" 


65 


834 


65 


899 


129 


760 



The tempeitttures in the first column may be taken indifferently 
as t^^f tj>, or tgg. 

The comparisons between 100'' and 300^ which we have now 
to describe, were carried out by Wiebe and Bottcher during 
May-September 1889, with seven normal-glass thermometers, 
numbered 253, 254, 255, 257, 258, 259, 271, which were 
made for the Beichsanstalt in Nov. 1887. All of them had 
enlargements (in their capillary tubes) whose capacities were 
known multiples of the volume of a degree (on a plan employed 
by Fernet in 1879). 

Nos. 254 and 255 were graduated up to 160°, in fifths of 
a degree, and had two enlargements, one between 0° and 50°, the 
other between 50° and 100°. 

Nos. 253 and 257 were graduated up to about 220°, in fifths 
of a degree, and had only one enlargement, which was between 
0' and 100°. 

Nos. 258, 259, and 271 were graduated up to about 350°, iu 
half degrees, and had two enlargements, one between 0** and 
100°, the other between 100° and 200°. 

The calibration was effected by Pernet's apparatus, according 
to the method of Neumann and Thiesen. The correction for 
calibre in Nos. 253, 255, and 257 nowhere exceeded 0°*3. In 
the others it amounted, in some places, to more than a degree, 
but did not exceed half a degree at any point which entered 
into the measurements. Nos. 257 and 259, besides being 
calibrated soon after making, were recalibrated after they had 
been several times exposed to high temperatures. The second 
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calibration showed thai ihe healing )iai] made a dift'erence, the 
lower portion of the tube having shrunk. In 257 the change 
amounted to 0^'O5 at the point 200°, and in 259 to 0'''04 at the 
point -iOO". The progress of the change was takeii into account 
in the reductions. The calibration of the other thermometers 
was not carried out till they had heen several times employed at 
high temperatures, and is not Uiely to have been much aflected 
by their subsequent heatings. The intervEiI between the two 
fixed points was checked several time^ in the case of each of the 
thermometers. 

The correction for internal pressure amounted to 0°'02 or O^'OS 
for Nos. 254, 255, 253, 257. and to 0''04 for Nos. 258, 259. 
279. 

^-Xach observation of temperature was immediately followed by 
^■abservation of freezing point. 

HKhe corrections for the non-immersed portions of the stems 
Vme determined with great care by means of small auxiliary 
theriuometers, at proper heights, close beside the principal 
tbermomcters. 

^Corrections were fully applied for every known source of error, 
^^ne immersion -media were the vapours of 18 different liquidx, 
^Bttg boiling-points spread over the interval from 100° to 300°, 
B» first on the list was isobutylalcohol, boiling at i05'-7 at 
760 mm,, and the last diphenylamin. which at 751 mm. boils 
U SOI '■5. Two Jiiferent forms of the already mentioned boiler 
with back-tlow cooler were employed. One of them, of thin 
brass soft -soldered, was used up to 160^: the other, of stout 
copper hard -soldered, for the higher temperatures.' 

cnpUte list of the readings of the seven thermometers in 
I varioQS vajiours and the corrections applied is given by 
I and Ilottcher in tabular form.- !t brings out an unex- 

closeness of agreement between the instruments. The 

ice of an individual thermometer from the mean of all 

same bath with it, usually amounts to only a few 

i of a degree; ita average is 0"022. Only once (in 

at vapour) did the difference of one thermometer from 

I i«ftch O''!. 

t 4«UiU nf all the unoifvamaU h«rf BtininiariMd are girea in a 
hI to iha lubJMl, ZtUtehr.f. IvMnim., 10. Id (1890). 
kr.f. ttutrum.. 111. 238-243. 
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The following short extract will serve as a speoiiiieii of theie 
results. It gives simultaneous corrected readings of the four 
thermometers 254, 255, 253, 257 in isobutylalcdiol vapour 
(IDS'*-?); of the four thermometers 257, 258, 259, 271 in 
ethylbenzoat vapour (212'''2);' and of the three thermometen 
258, 259, 271 in amylbenzoat vapour (269''*3). The means of 
the simultaneous readings are given in the last oolnmn: 

COBBECTED BeADINOS OF THE SSVBN THKRMOICXTEBS. 



254 


255 


268 


257 


258 


250 


27i 


Mmd. 


10«r-74 


105*-7S 


105*-72 


105*-71 


^ 


^__ 


„,_ 


lOS'^S 


105-74 


106-73 


105-71 


106-70 


— 


— 


-— 


105 •?2 


106-74 


105-78 


106-72 


106-71 


— 


— 


— 


105-73 








212 i» 


212*'24 


212'-24 


212'-25 


212-24 








212 82 


212-83 


212-86 


212-85 


212-34 








212-87 


212-88 


212-40 


212-88 


212-38 








212-40 


212-48 


212-42 


212-44 


212-42 










269*74 


259-65 


259-52 


259-64 










260-28 


260-15 


260 '12 


260-17 




• 






260-58 


260-41 


260*85 


260-43 










200-62 


260-47 


260-49 


260-53 










260-66 


280-53 


260-53 


260-57 



119. Comparison with the Air Thermometer. The al)ove 
comparison of seven thermometers formed part of an elaborate 
investigation by Wiebe and Bottcber of the relation between 
temperature by mercurial thermometers and temperature by the 
air thermometer. The investigation included three series of 
researches. The first series (which were .merely preliminary) 
were conducted in 1888; the second in January-March 1889; 
and the third in May-September of the same year. 

Two different air thermometers were employed, one of them in 
the first, and the other in the second and third series. In both 
of them the temperature was measured by the pressure of air at 
nearly constant volume. For details of construction and reduc- 
tion, we must refer to the original papers.^ 

The observations of the third series are given in full by 
Wiebe,2 together with the following table of corrected results. 

^Zeilschr.f. Instrvm., 10. 17 And 10. 233 (1890). . ^Ibid., la 288.248. 
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, is correcwd temperature by mercury thermometer, and T, by 
r thermomet«r.' In each case, simiilLaDeous readings of different 
i^rcury thermometers are not given separately, but are combined 
to a single mean. 



dlpfbbences beth1es normal-glass thermometer anll 
Air Thermometer. 



Rral Seriea. 




Sariet 


Third Seriei. 


''. 


T,-T, 


T, 


T,- r. 


r. 


r,-r. 


IIW 


+ 0°01 






106-7 


+ 0*-01 


_ 


_ 


_ 


_ 


109 -3 


-4-0 03 


_ 


_ 


118- -7 


-rO'-OO 


lU-l 


4-0 w 


- 


_ 


_ 


_ 


124 -6 


+1) ■m 


1^ 


+ "■'« 


127 -8 


+0-07 


12B-5 


+ 0-09 


m 


+(j-ia 


ISA -i 


+oiy7 


131) 1 


+ 0-12 


— 


_ 


_ 


— 


139-7 


+ 11 


— 


— 


14tl-3 


o-oo 


148-6 


+ 0'OS 


I5» 


-rt-IS 


168 -7 


-0*3 


159-9 


■fO'U 


\U 


+ n-l2 


lM-4 


+ 0<r7 


18* 1 


+ 0-09 


— 


_ 


_ 


— 


193 7 


«■«« 


IM 


-ffl IH 


_ 


_ 


190 '4 


+ iP-0'2 


_ 


_ 


— 


- 


100 -2 


- (» ■<« 


Sll 


(IS) 


211 ■« 


-0 39 


■2V1 3 


-0 13 


2*7 


-D-OT 


!i3ll-« 


- o ■■>■» 


■2341 -.l 


-0-4M 


_ 


_ 


201 il 


t -41 


2lill-3 


-0-ft.i 




— 


289-5 


-2 -17 


291 -6 


-1 64 


1 - 


- 


MS -ft 


- i -47 


— 


- 



S three series agree fairly well with each other. There are, 
.wcver, considerable discrepancies in the temperalunis near 
", which were observed in vapour of turpentine. In the first 
md series, it was uot> found possible to make this vapour 
t cooatont temperature ; probably the liquid was not homo- 
Above 200° the first and second scries agree together, 
r by from 0°'2 to C'o from the third. The formula 
T,- T^ = aT^{\m- 7',)+ir^(100-7',)* 
, for t'xpreasing the differences in terms nf T^; and 
b anliKript 7 standi lor Qvttktillir^ itjoii'ktilver), and the lubvcript I for 
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the method of least squares, when applied to each series 

sepBratelf, gave the following values of a and h : 

a b 

First Beriee, - - -210 xlO^^ -311x10-^ 

Second series, - - -284 x 10-^ - 370 x 10"^ 

Third aeries, - - - 280 x 10-" - 299 x 10^* 

The values of T, — T^ calculated hy employing these values nf 

the coefficieots a and ^i differ from the observed values by tlie 

following amounts (observed — calculated), expressed in hundredths 

of a d 



Fint 8«ri««. 


Snood SeiMi. 


-nifadSariw. 





+ 2 


- 1 


+ S 







- 3 


- 1 




-18 


- B 


+ 1 


+ao 


- 9 


+ 2 


+21 


+ 11 


+ 8 


+ 2 


- 8 


+ 2 


-29 


-*4 


- 2 




-11 


+ 1 




+ 12 


+ 4 




+ 45 


+ 5 
-12 



Practical Oondnsion. In adopting a formula for practical 
use, Wiebe and Bottcher decided to rely upon the third series 
alone. It was the most complete; it gave the beat agreement 
between calculation and observation; and it was the only series 
during which the zero point of the air thermometer remained 
steady. They accordingly adopted the values 

a= -280xl0-^ b= -299X10-", 

for the coefficients in the general formula already given. They 
have thus computed the following practical table,^ for reducing 
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e corrected readings of a thermometer of the Jena iiormal-g 
' to the corresponding temperatures by air thermometer. 



■"• 


T,-T, 


n 


r, - T, 


n 


T,-T, 


f ,«. 


(f-m 


170° 


+(n>8 


310° 


-0--4fi 


no 


+0-03 


ISO 


+ 0-06 


350 


-0B3 


130 


+ 0-06 


190 


+ 0-O2 


260 


-11 -sa 


130 


+0-07 


ax) 


"OIM 


2T1I 


-1 -OS 


140 


+ 0-09 


2;o 


-oil 


280 


- 1 -30 


130 


+ -HI 


220 


-0 21 


290 


-1 SM 


160 


+ (1-10 


230 


-0-32 


axi 


-1 01 



lUy, Wiebe computed, with these coefficients, tlie corrections 
[~T^ for normal-glass thermometers at temperatures below 100", 
id compared them with the corrections found by Chappuis for 
ducing Tonnelot thermometers of vcrrv dvr to the nitrogen 
lenuometer. In the following table, these two sets of corrections 
■e given, in the columns headed " normal-glass " and " Verre dur." 



K ^' 




rem <tnr. 


Diff. 


tr-h. 


M-^ 


+ 0-153 


+ 0°-133 




_ 


m -" 


+0-067 


+ O-O07 


_ 


~ 


■ ' 


U-tMM 


0-£IOO 


O'-OUO 


O^Kll) 


■ ■»» 


-0-049 


-OiMe 


-0-OU3 


-0-OM 


■ m 


-0-083 


-0-073 


-0-OO8 


-0-00« 


m " 


-0 103 


-umi 


-ODia 


-O-Oll 


■ « 


-0-110 


-0-097 


-0-OIS 


-0-012 


I " 


-n-|(»7 


-0 tIM 


-0-013 


-0-013 


m " 


-0-OWI 


-O-ftSS 


-O-Oll 


-0-OlB 


m "■ 


-0-O78 


-0 1171 


-0-007 


-oini 


■ » 


-0-054 


-0-OJK 


-0-002 


-0-008 


■ » 


-0 ces 


-O-029 


+ 0-001 


-0-005 


I .» 


0-0<.l" 


0-cKitP 


0-000 


-OHXW 



Fnext cfilumn, headed " Diff." gives the excess of the normal- 
lU8 correction above the Tonnelot correction, which, if we 
IcnUiy the air thermometer with the nitrogen thermometer, 
tcnld be the exceaa of the Tonnelot reading above the normal- 
aM teuding. and should therefore agree with the values of 
; — 1„ obeerved by Thieaeu, Mcheel and Sell, which are reproduced 
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in the last oolamn (they were given to four decimolB in Art 118). 
The maximum diacrepancy is 0^*006. 

Application of Wiebe a&d BWteher'g Badnefeimis to 
-aubsequent Obaenrationa. In using vapour hatha for the 
■comparison of thermometers, if the boiling takea place at 
atmospheric pressure, the observer is restricted to particular 
temperatures, which may be very unevenly distributed over the 
range of the comparisons. Further complications are introduced, 
by the decomposition which many liquids undergo from contact 
with the hot walls of the boiler, and by the impurities which in 
many liquids can scarcely be avoided. Wiebe and Bottchar 
pointed out these diificulties, and remarked that, if suitable 
arrangements were employed for increasing and diminishing 
the pressure, so as to raise and lower the boiling points, a few 
liquids would suffice, and those which give trouble could be 
^xcluded.^ 

The plan thus indicated was afterwards carried out bj 
W. Pomplun, at the Beichsanstalt.' His boiling point apparatus 
consisted essentially of a boiler, and an air-reservoir in connection 
with a closed manometer having a large air-bulb. 

It was first used for comparisons of normal-glass thermometers 
above 50°, and proved very effective. The liquids employed were 
methyl-alcohol, distilled water, and amyl-acetate. The instru- 
ments compared were Nos. 244, 246, 253, 254, 270. The first 
was divided to fifths, and the second to tenths ; the others have 
been described already. All were corrected in the usual way for 
calibre, distance between fixed points, zero, and internal pressure; 
and special attention was paid to the influence of external pres- 
sure. The corrected readings were then, by means of Wiebe and 
Bottcher's corrections, reduced to air-thermometer temperatures. 
The results showed very close consistency over the whole rani^'e 
of the comparisons, 48° to 141°. 

120. Mediate Reduction to Air Thermometer. Grutz- 

macher^ carried out comparisons of 15 thermometers of three 
other kinds of glass, with thermometers of Jena normal-glass 
16"* ; and thus, by using Wiebe and Bottcher's reductions given 
above, compared his 15 thermometers with the air thermometer. 

^Zeitsch,/. Instrum., 10. 28 (1890). «/6rI., 11. 1 (1891). 

^Ihid,, 15. 250 (1895). Communication from the Reichsanatali. 
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Among them were six " incloseii tlierraometers " of borosilicate 
glass 59"'. Two of these were divided lo tenths from 0° to 100'; 
two olbers to fifths from 100" to 200''. with auxiliary gniduation 
At 0* ; and Uie remaining; two to half-degrees from 200" to 300, 
with auxiliary graduatioo at 0' and 100'. The divisions 
wer« in tach case equidistant, and the calibre corrections were 
determined by the Neumaun-Thiesen method. The distance 
between the fixed poiuts was determined in the usual way ; 
and also the coefficients for internal pressure, which, on account 
of the widenings. were required for the high-temperature thermo- 
meters. 

Auother group cousisted of four themiometerB, of the baryta 
borosilicate without alkali No. 122'". There had been insuPhcieut 
exi*erience in the manipulation of this glass, and the instruments 
were not so perfect in construction as could be desired for such 
ui investigatiou. Two were divided to fifths fromO° to 100'. 
The other two were dinded to half-degrees from 100° to 300'. 
Their corrections were determined in the same way as for the 
thermometers of 59"'. 

Lastly five thermometers of " ResistJince-glass " by Greiner and 
Friticlrichs of Stiitzerbaeh were tested, their graduations \mn\i 
to tenths from 0° to 100°. They were calibrated by a tliread 
of mercury 50" long for the steps from 0° to 50° and from 5 0° to 
100'; and also by a thread t0° long for each step of 10°. 
Only one of these thermometers was subjected to a complete 
calibration. The distance between its fixed poiuts was deter- 
iDJned in the naual way. I'p to 50" the comparisons were made 
in the water bath ; above this temperature, in the vapours of 
liqmds boiling in the thermostat under ordinar}' atmospheric 
presaHrc. 

Denoting by T^ the corrected mean reading of the thermometers 
of any one kind of glass — the corrections including sero-point, 
iliManev lietween fixed points, caliliralion, and, as far ae necessary, 
tDtemal pressure, and by T the tempemture by air Uiermometer, 
deduced from the nortuul -glass thermometers by Wiebe and 
Bdltcbers table, the formula 

T-T.i = aT^iU]0-T,)+bT^{\0O-q)'- 

w» aHUmed, and the values of a and b were then deduced from 
I the observations by the method of least squares. 
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The following were the results : lO'^a. 10*& 

Glass 59™ 0" to 100" + 48-70 -263-8 

Glass 59"' 100** to 300*^ - 72-33 -425-9 

Glass 122'" 0** to 100* + 93-48 . - 82-45 

Eesistance glass 0° to 100** -316-9 -373-76 

For glass 59'", 0° to 100°, the calculated and observed values 
agree well, only 7 determinations out of 44 showing a difference 
exceeding O'^'Ol. The largest differences — going up to O'^'OIS as 
a maximum — occurred where the boiling liquids had lost some- 
thing of their purity. The " probable error" is 0**-003. 

For the same glass from 100"* to 300^ the probable error is 0'-09, 
even after the exclusion of the last three observations as uncertain. 
At the higher temperatures, the mercury was so near its boiling 
point (the space above it being nearly free of air) that the column 
was apt to break ; and distillation of mercury, which frequently 
occurred at the end of the column, added to the uncertainty. 

The coefficients a and b for the interval 0° to 100" can be used 
without much error between 100° and 200''; the values thus 
obtained agreeing within O'^'OS with those obtained by using the 
coefficients for 100'' to 300°. Above 200° this approximate 
agreement does not continue; and at SOO"" the difference amounts 
to l°-2. But the observations above 200° cannot be regarded as 
very accurate, and need confirmation. 

For 122"' between 0*" and 100°, the calculated reduction to 
air thermometer has a probable error of 0°'005. The observations 
on this glass, like Wiebe's observations on English thermometer 
glass (Art. 112), indicate that, between 0° and 100°, the mercun 
thermometer reads lower than the air thermometer. The com- 
parisons of the two high temperature thermometers of this glass 
showed considerable differences from the air thermometer; but 
these were due, at least in part, to defects in calibration and in 
evaluation of distance between fixed points. 

For "resistance glass,*' between 0° and 100°, the probable 
error is 0°-006. The largest difference from the air thermometer 
was found between 60" and 61° in chloroform vapour. Observa- 
tions were not taken above 100°. 

The tables given below have been calculated by using the four sets 
of values of a and b above given. They show that thermometers of 
the borosilicate 59"^ agree more closely with the air thermometer 
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than Lhenuometers of aormdl-glass. They hnve also, as has been 
already stated, less liability to depre^ion of zero by heating. The 
baryta iJorosilicalc 122'" surpasses even S9"' in these respects. 



% 


.... 


r. 


r-r. 


m" 


122". 


RMiit-Gt. 


M'" 


122'" 


RMt.t.-01. 


{f 


©■■oai 


0°-000 


O'-OOO 


60- 


-0'-02l 


+0'-013 


-<fm 


& 


-0-006 


+ 11 -001 


-0-032 


55 


-0-017 


+ 0-014 


-oiao 


10 


-0-017 


+ W' 


-0-0.19 


80 


-0-014 


+ 0-01.'i 


-0-112 


IS 


-0-023 


+ o-wa 


-0 -osi 


Bfl 


-0 -010 


+ 0-015 


-0-102 


20 


-0«28 


+ 0-004 


-0 -098 


70 


-0 ■oos 


+ 014 


-0 090 


20 


-0-O28 


+ 0-006 


-0 '112 


75 


-0-003 


+ Oi)U 


-0-<l77 


SO 


-0-<Gfl 


+ -008 


-0 ■121 


80 


-0-001 


+ 012 


- II iWH 


Ki 


-0-028 


+ -009 


-0 '127 


85 


+ '001 


+ 0-010 


-0 048 


M 


-0-O2fi 


+ 1J11 


-0 ■l.H) 


00 


+ O-002 


+ 0-00B 


-0-032 


♦5 


-0-024 


+ 0-012 


-o-i2n 


05 


+ 0-002 


+ -004 


-0-016 


50 


-0-021 


+ ■ills 


-0-126 


100 


-000 


000 


000 



I 





For TnKRMOMKTEBS OF 


59'". 




T, 


T- T, 


J". 


T- T, 


''\ 


T-T, 


100* 


O'-OO 


135° 


-0°-04 


170° 


-0'-27 


106 


-00 


140 


-(I -00 


176 


-0 32 


110 


-oo 


145 


-I) -m 


180 


-o:«i 
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IMI 


InO 


-0-11 


1 8.1 


-d -io 


ISO 


0-00 


ISA 


- 14 


190 


- T.fl 


m 


-0-01 


160 


-0-18 


195 


0-62 


lao 


-0-02 


165 


-0 -22 


200 


-0 71 



Griilxnincher applies the following check lo the correctness of 
hi» determinations. Let T, — T^^ denote the excais of the air 
tbermomet«r over the normal-glass thermometer as iletenuined 
by Wiebe and Bottcher ; * 7'^~ T the excess of the borosiUcate 
tbermnmeter above the air thermometer according t« Oriitzmacher ; 
uid /,„ — ^jg the excess of normal-glass over iKirosiliciite, as directly 
observed by Thiesen, Scheel, and Sell." The auni of the threi- 
excesses \f> 

I whieb ought to vanish, since each pair of bracketed terms is the 
I Art. 110. 'ISce Art. 118. 
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diJforence of two tbinga which ought to be identical. Grtitzmaeher 
has applied this test to the temperatures between 0" and 100. 
and finds that the sum never exeeds 0°-004. 

H. Lemke' has since compared five other thermometerB of 
59'" (through the medium of normal-glasa thermometers) willi 
the air thermometer, and represented the resulting corrections by 
a two-term formula, for the range 100° to 200'. His corrections 
differ on the average from Griitzmacher's by not more than O'-02. 
The difference increases towards the top of the scale, becoming 
0^-03 at 195°. and 0°-04 at IJOO". 

Rkduction of Thebhohtibbs of thb BoBosnjoATB Glass 

59™ TO THE AIB-TEBSUOIUTSB. 
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177 
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-0-04 
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0-00 
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-0-05 
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133 


-0-05 
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-0 18 
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-0-43 
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-0-06 
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-0-44 
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00 
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-0-06 
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185 


-0-45 
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0-00 


136 
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-0-20 
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0-00 
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-0-07 
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-0« 


113 


-0 ■or 
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167 


-0-23 
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-0 -27 
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-0-57 


ISO 


-0-02 
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-0-28 
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-0-59 
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-0-02 
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-on 


171 


-0-29 
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-0-60 
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-0-02 
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-0-30 
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-0-ffi 


123 


-0 02 


148 


-0 12 
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-0-31 
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-0-W 
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^0-03 


149 


-0 12 
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-0-32 
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-0-66 


125 


-0-03 
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-0 13 


175 


-0-33 
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-o-e: 



^Ztittehr. /. Iiulrum., 19. 33 (1890). 
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F 

^B finall}', Lemke has deduced from his own observalioDs con- 

"flWered jointly with Orilumacher's, having regard lo their relative 

weights, the foregoiuy table of reductions for each d^ree from 

100= to 200^ 



121. Relative Expansions of Liquid and Envelope. In 
this article we suppose lumperatures to be expressed in the scale 
of the air thermometer. 

Let f be the mean coefficient of expansion of mercury from 0^ 
to (' ; ^ the mean coefSdent of expimeiou of the glass from U" to 
t ; », the common volume at 0" of the mercury aiid of the 
interior space bounded by the zero mark, which we suppose to be 
correctly placed, 

Then, at temperature i\ this space has increased from v^ lo 
f„(l+/30, and the volume of the mercury ha.s increased from 
'o to Fu( 1 + y). The dilTerence v^Ky — 0)1 is the volume at C of 
the column of mercury which bus ptissed the zero mark, and 
therefore of the portion of the tube between this mark tuid the 

mark which indicates t by air thermometer. Hence -^— — ^- 

K the volume of the tube between these marks, measured at 0°; 



and 



'.(y-fPh . 



is the volume that the mercury which has passed 



1+yt 
the zero mark would occupy, if reduced to 0". 

Thie§en ' calls ■ - ■ - the " expansion of the mercury relative 

to the glass " Irom 0' to l". and denotes it by p,. 

In hke manner he calls the negative quantity — ^— the 

1 +yt 
" expaniiiou of the glass relative to the mercury" from 0" to (, 
ind denotes it by p', . From the two equations 



Jy-m 

' t+fll' 



l+yf- 



.■.(1> 



l+p,' 



l+yf. 



1 +/.-.- 



^ZtiUthr. f. InMnuH.. lli.-50 (11196). 
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giving 



(l+pO(l+pO = 
pt+pt+ptpt 



p/=0,J 



.(3) 






,:(4) 



In an overflow thermometer which is just full at C, — p\ is 
the ratio of the overflow to the total quantity of mercury which 
filled the instrument at 0°. 

122. Thiesen's Experimental Besalts for Kelative Expan- 
sion. Overflow thermometers of small size are usually called 
weight thermometers. When very large, and constructed with a 
view to great accuracy, they are called dilatom^ters, 

Thiesen, Scheel and SelP made elaborate determinations of 
p\ at the Reichsanstalt, with five dilatometers, two of which were 
of normal-glass 16'", two of Tonnelot's verre dur, and one of 
borosilicate glass 59"\ The values headed — /)' and p ia the 
subjoined table were for ^ = 100. The dilatometer under exami- 
nation was kept full of mercury at the temperatures 0° and 100° 



Dilatometer. 


-P 


P 


l(.M>y 


No. 1 of 16"J 


001552494 


001576976 


001823-27 


No. 2 „ 


001550211 


O0157462O 


00182091 


No. 1 of verre dur 


001557575 


001582220 


00181934 


No. 2 


001557674 


001582321 


00181944 


of 59"! 


001618236 


001644854 


0-0182570 



alternately, and the quantity of mercury which flowed alternately 
out and in was determined by weighing the small glass cup which 
received the overflow, the weight of mercury which filled the 
dilatometer at 0° being also known with sufficient exactness. 
The ratio of these two weights is — p ; and p was deduced by 
the equation 

Different determinations with the same dilatometer agreed within 



^Zeitschr^f, Instrum,, 16. 65 (1896). 
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ne unit of the aisth decimal place ; hut the values of jo' fer the 
wo dilatometers of 16"' differ by 22 of these units. This must 
le ascribed to the fact that the two instriimeuts were not made 
rom [Kirliona of the same melting. The two dilatometers of 
ttrf dur were made from parts of one and the same glasa tube, 
nd they aj^res to one unit o( the sixth place. 

The values of lOO-y — that is the absolute expansion of mercury 
rom 0° to 100" — given in the Inat column, were obtained by 
ombiiiiuf; the values of p or of p' with the absolute expansions of 
ha three glasses, as previously determined by Thiescn and Scheel 

SArt; 99). We have, in fact, by putting <= 100 in the first 
[nations (1), 
I00y = 1005+p(l+100/3) (5) 
security for identity of the dilatometer glass with the glass 
f the tubes whose expansion was observed, was greater for No, 1 
ilatometer of 16'", and for the dilatometer of 59'", than for the 
hree others. Adopting the mean of those two, to five signifioiint 
Igares, we have 

100y = 001S24.i. 

"hia is in goo«I agreement with Bossch&'s and Widlner's reduc- 
ions of Regnault's observations. 

As the internal volume of a thermometer tube between the 
larks 0' and 100; measured at 0°, is i\fi, and the thermometer 
I grsdiiatetl by dividing this volume into 100 equal parts; the 

T 

Too' ' 

(by Art. 121) p^,; we have therefor© 



100^ 



..(6) 



I the investigation of Art. 121, ( was the air thermometer 

i equivalent to T ; but the investigation and its result 

Igually applicable when t is the corresponding tenijieratiire 

nydrogen thermometer. Hence if p (which stands for p,^ 

ad is tliL- same for all scales that have the two usual lixed 

oJnU) is known for a particular glass, and also the differences 

I T for thermometers of this glass and t for the hydrogen 

t, over a given rungv, equation (6) enables us to compute p, 

I xangs. 



1 
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Chappuis' differeuces between Tonnelot diarmotiieten ind 
the hydrogen scale give, in combination with the above tabidated 
value of p for verve dwr, the values of p^ for thermometers of 
verre dur between 0"" and 100". The comparisons^ by Thiesen 
and Scheel of thermometers of 16^ and 69™ with Tonnelot 
thermometers, and so mediately with Hie hydrogen scale, give, 
with the above tabulated values of p for 16™ and 69°^ the 
values of p^ for thermometers of these two glasses over the ssms 
range. Again, since the definition of p^ is 

where y and fi are the mean coefficients of expansion of volam& 
of mercury and glass from 0*" to f , the values of p^ for the three 
glasses, in conjunction with the values of fi over the range 0^ to 
100^ which were previously found for these glasses by Thiesen 
and Scheel,' give for each glass a separate determination of 7 
over the range O*' to 100^ The calculation has been carried oat 
by these authors,^ and the resulting mean coefficient from 0° to T 
of the hydrogen scale is 

y, = -00018161+-0000000078t 

Observations above 100''. The relative expansion /)< of 
mercury for the borosilicate glass 59"', which is specially 
suited for high-temperature thermometers, was investigated by 
Mahlke at the Keichsanstalt, up to SOC, by means of dilato- 
meters of this glass.* Five dilatometers were used, and each of 
them had a graduated neck, of sufficient length to include a 
range of 100°. The plan of procedure was, to introduce, in the 
first instance, such a quantity of mercury that the graduated 
portion included the range 0° to 100°; then to expel so much 
mercury that the range w€is 100° to 200°; then to expel more, 
so as to make it 200° to ^-(00°, and so on. The arrangements 
for this purpose are fully described and figured in Mahlke's 
paper. 

Three dilatometers on this plan were employed ; they are 
designated I, II, and III. Each of them had its tube divided 

1 Page 277. ' See page 221. » Ztitwhr, f. lustrum, , 16. 68 ( 1896). 

^Ann, d, Phy. u. Chem., 53. 965 (1894). Extracts are given in Zeiischr. f^ 
IwUrum., 15. 171 (1895). 
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into mitUmetTes for a leugth of 20 cm. All three were inain- 
taioed for three hours at a temperature between 530' and 540° 
before the mercury was introduced. The quantity introduced 
was Bucli that, in the ice-bath, the end of the column stood at the 
zero of the divisions. The rest of the tube was exhausted of air 
to permit of calibration. When the calibration hiul been effected, 
tbe first measurement of distance between the two fixed points 
(0* bo 100) WftH made. Then, having regard to the temperatures 
to which they were to be exposed, the tube of I was filled up with 
earbonic acid at 16 atmospheres, and II and III with the same 
gM at S and 2i atmospheres.^ A ccoliug arrangement was 
employed to keep the gns at its Initial pressure in the observa- 
tion of high temperatures. 

When the distance between the two fixed points was reraeas- 
ared after the filling with gns, it was found to have undergone no 
material change; whence it was inferred that the expansion of 
mtrcury (torn 0° to 100° is practically the same at 24 atmos- 
pheres as at I atmosphere. 

Tile next operation was to separate a thread of mercury of 
such length that the boiling point should retreat from the end 
of the scale to its beginning. The instniment was then immersed 
in luethyl-beuzoat vapour, and the rise of the mercury lo 200" 
was observed. Another separation of a thread of mercury 
farun^ht the 200° point to the beginning of tbe scale, nnd an 
olMervation was made in a nitre bath at 290°. These intervals 
of approximately 100^ to 200" and 300" to 290'" were succeeded 
by the intervals 290" to ?.W, 350° to 400°, 400° to 450°, 
450' to 500. In each of the three last an intermediate 
point was also observeil. Xo, 11 dilatometer was the only 
vnr. that underwent all ibese operations without sustaining 
(UmiiRe. 

The exact temperatures were I'ead off on mercury thermo- 
cttet«r9, and reduced to the air thermometer by a table of known 
oomctions. 

Redaction of the Observationa above 100°. I.et r-„ 1>e the 
Wume at 0" of tbe original <iiinTitity of niercurj-. and f the volume 
«t 100' of one of the eniial pait» into which the tube is divided 
by the millimotre scale. Also lot n be the number of these 

*'A\ a UlcT aUge thi prounre In I waa ohkngod lo 8, and bt II to 16 attnoa- 
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parts between the two fixed points, and M the ratio defined by 
v^ = Mt. Then we have 

100(y-i8)t;o='»«» 

Let the first portion of mercury removed have at 0'' the 
volume lu, leaving the remaining volume at 0^ (M'^M^e. 

The dilatometer, with this mercury in it, is heated first to a 
temperature t^ near 100^ and then to a temperature i^ near 200^ 
temperatures being reckoned by air thermometer. Let e^ and e^ 
denote the volumes of a scale division at these temperatures. 

Then we have 

nj^i = ( Jf - fi) e (yi - ^i)f 1 , 

y^, )8j being the mean coeflBcients between 0* and t^"*, and y^, P^ 
between 0° and t^. 

Dividing the first equation by e^, the second by e^, and using 
the values 

6 = 60(1 + 100^8). 

ei=«oa+i8A), 

62 = 60(1+^2^2)* 
we find 'W2-'y^i = (-W-M)(l + 100^)(p2-/>i), (8) 

and from the directly observed magnitudes n^, w^, the difierence 

p2 "" Pi ^^^ ^® computed. 

As regards /jl, we have defined it by making julc denote the 
volume at 0° of the separated column, whose volume at 100° we 
will call me. This makes 

^ = T+100y <^' 

If we modify the definition by making /me denote the volume 

at 0'' of a separated column which at the temperature ^^ (not 

differing much from 100") occupies m divisions, then, since the 

, - , . . me(l + 8L) . , ^„ . 

volume of this mercury at t^ is — — ^ , its volume at is 

mcd +fit^) me 

(i+ioo/3)(i+y^,) ' ^^^^ ^«' (r+iyo^8Kr+^) • ^y ^^^^^^^° (-' 

of Art. 121, /)j denoting the value of p^ for t = t^ This gives 

''"(i+iooi8)(i+pi) : ^^^' 



r 
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la like manner, from the observed number of divisions occupied 
by the column of mercury which is detached at the temperature 
(,, we can calculate fi^ — pt, and so proceed step by step. 
In the numerical calculation, Mahlke employs the values 
1 + 100/3 = 1-001778 3, 
1 + lOOy = 1-01S2161. 
the former being Thicaen and Scheel'a determination for the glass 
in question, and thu latter Broch's deduction from F^gnault's 
obaervations. These give 

p = -016 409. 
Mahlke deduces the following values of the expression 
(1 + 100^)^-^ — --' for the successive intervals fi~i,. (See 
equation (8)). 

II regards the first value, f^ is ; f^ is 100 ; />, i 

To deduce a numerical formula for p, iu terms of (, a 
tfinperaCures between 0" and 290", 



From t, to ((. 


Values of Uie eipresrion. 


From (T to 100° 


0-00016438 


„ 99 -ta,, ISB 69 


16493 


„ ail «„ 289 -44 


17W4 


„ 288 -39 „ 349 -80 


17698 


.. 353 -9 „ 373 -9 


17091 


„ 373-9 .,397 7 


17936 


„ 363 -9 ., 397 -7 


17820 


„ 396 7 „ *24 -O 


18318 


„ 494 -0 „ 452 -2 


1911-1 


., 396 -7 „ 452 -2 


18735 


„ 450 -0 „ 476 -2 


19304 


„ 475-2 „ 495 


19358 


„ 4S6 „ 495 1} 


19217 



(1 + 100^) ''' = ,. + « + «■, 



iglTea 
(1+100/3) 'i 



U-t, 



a(«i-(i)+lt(l.'-(i')+itW-'.') 
h-t, 
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Sdbstikatii^ the observed values of the left-hand member, 
we hsTS numerical equations in a, b. c, from which. Mahike 
dedaces 

l(ft»= 1 65'S73, 10«6 = - -0478. 1 O^c = -0002669, 

giving, for temperatures between 0' and 290% 

10"(1 + lOOjS)/,, = 165-873( - 0239^^ 000 088 971'. 

Fflr temperatures between 290° and 500°, a four-term formula 
is assumed, and the result deduced by the method of least 
eqoarea is, 

(l+100/3)p,=-032 931 -HO-»x I61-544((-200) 

-flO-»xM-89((-200)» 

-|-10-"'x4-858(i-200)» 
-M0-" xO-8489(e-200)*. 

The following table of vahies of (1 -)- 100/3)^, sod of p, is 

computed by these two fbnnulae : 



I \ a+ioQ/j)f* 


f. 


lOfC 


0-Oltf437 


0-016408 


200 


0012931 


0-032873 


300 


0-040W4 


0-0*9885 


325 


0-054397 


0-054300 


350 


0-058S63 


0-058749 


375 


0-063342 


0-063230 


400 


0-067868 


0-067748 


425 


0-072446 


0-072317 


460 


0-077098 


0-076961 


475 


0-081857 


0-081712 


500 


0-086754 


0-066600 



Bednction of the Borosilicate Olass High-Temperature 
Thermometer to the Air Thermometer. Equation (6), which 
may be written 

100 ft« 



•(6) 



enables us to compute the borosilicate thermometer temperaturee 
T which correspond to tiie air-temperatures t iu tiie above tabl& 



AFTEB-WORKING AND THEEIMOMETRY. 



297 



Mahlke deduces 



t 


T 


i 


T 


t 


T 


0' 


0" 


325'' 


330''-9 


425* 


440" -7 


100 


100 


360 


358 1 


450 


469*1 


200 


200-4 


375 


385 -4 


475 


498 


300 


304 1 


400 


412-3 


500 


527 8 



This gives —0*4 as the correction at 200° for reducing the 
borosilicate thermometer to the air thermometer. Griitzmacher 
and Lemke (Art. 120), by direct comparison with the air 
thermometer, found — 0*7. In view of this discrepancy, it is 
worth while to examine the separate results given for the 
interval t^ to t^ by the three dilatometers I., II., and III. As a 
preliminary step, we shall first deduce a convenient expression 
for 7*2 — T^ in terms of the data of observation. We have, by (6), 



Tg — 2\ = — - (^2 ~ ^i)- 



But by (8), 



^2~"^l = 



772 -n^ 



where 



(A/-/i)(l-i-10o/3)' 



Jf= 



n 



ni 



M = 



_ ~^^/> 



Hence 



and 



100(y-/3)' ^ 1-i-lOOy 100(y-i8)' 



_ « ^2~'"i 100(y--/3)_ n^ — n^ 
Pi ^1 ~ 1 4. 100^ n -{-mp "" ^ n 4- m p' ' 



r2-r,=ioo^2 ^1 



.(10) 



n-\-7np' 

T^ was calculated by adding the value of this expression to 7\, 
which, from its closeness to the fixed point 100°, was readily 
<letermined with sufficient exactness. The following are the 
values of the elements in the formula f(»r the three dilatometers : 



II. 



11,-11, 

n 
m 



151 -35 
152-47 
13515 



159-89 
161-35 
148r)9 



III. 

160-46 
16-215 
155-28 



Mahlke adopts 
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»' = '()00 182 161, 
J = -000 017 783: 



which give p'= — OIG 144. 

r, may be iiieiititieil with (,, their difference being oertniiih' 
less than C-OOl. We thus obtain 





I. 


n. 


III. 


'. 


IDT -9 


199°-6 


IBQ'-S 


r. 


200-2 


200-1 


199-8 


r,-«. 


-3 


0-5 


0-3 



The employment of Thiesen and Scheel's value of ^' in place 
of Mahlke's will not make enoagh difference to alter any of the 
three differeaces 0'3, 0*5, 0*3, each of which is decidedly smaller 
than the value 0'7 found by Oriitzmacher and Lemke. 

123. Tables for Bedndns Kercory Thermometera of 16^, 
C9™, and Terre Dor, to the Hydrocren Thermometer. Let 

tg denote temperature on the hydrogen scile, £„^ tgg, tf tempera- 
tures on the scales of thermometera of 16'", of 59'", and d 
Tonnelot's vfrre dur. 

Chappuis ' adopts, for the reduction of the Tonnelot thermo- 
meter to the international hydrogen scale, the formula 
10-»((fl-tr)= -010921037(100-0^ 

+5-8928597(100=-(*)(10-* 
-l-l5773247(10(P-(*)a0-«. 
K. Scheel ^ gives, as an equivalent formula, 
(lOO-iV. 



tH-tr- 



100« 



-(-0-61859 -I- 0-0047S5U 
- 0-00001 1577i*) 



{"> 

and deduces similar formulae for the Jena glass thermometora 
The comparisons carried out by Thiesen, Scheel and Sell (Art. 1 1S> 
gave the formulae of reduction 

«(100-0« 



-t,. 



-0-0518^ 



100* 



■ Trav. ti mim. <fu 6w-. inUrmt.. 6. 116 (18SS). 
*Ann. d. Phy. «. Ohem., OS. 168 (1896). 
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in which t in the second memlier cim. withoiil sensible error, lie 

I taken as denoting the temperature in any one ol' the ihree scalea. 
■ These equations, combined with equation (1) by addition, jjive 



(100-0( 



iTms * -0'<>7039 + 0-(l047351 1 

omtmnn (^) (2) 



-U00001I577i') (3> 

From these formiiUt' (1), C'), (-J), ihe following tables have been 
calculated: 



Valcks of 


tr-t 


H '^' 


Thcjusa-ndths ot 


A Degree 







1 


2 


3 


4 


5 


6 


7 


H 


9 


0" 


IT 


12 


IS 


23 


•X 


33 


38 


43 


47 


lU SI 


50 


RO 


83 


07 


70 


73 


76 


79 


62 


ao 1 85 


87 


89 


ei 


93 


95 


»7 


il8 


100 


lol 


30 I 102 


103 


lOi 


103 


106 


lIHt 


HI7 


l(r7 


107 


107 


40 1 m 


107 


107 


107 


107 


106 


lOG 


105 


104 


lot 


so , 103 


102 


101 


100 


98 


97 


96 


95 


93 


92 


eo 


00 


S» 


87 


M 


84 


82 


80 


T8 


76 


74 


7IJ 


72 


70 


66 


OH 


B4 


62 


59 


S7 


SS 


S2 


80 


(W 


48 


4A 


43 


41 


38 


36 


33 


31 


28 


Oil 


•X 


23 


21 


IS 


l(f 


13 


10 


8 


5 


3 


l(N> 


" 





















Values ok 


/,„- 


„ m 


TllOUaASDTHfl OF A DKiKEE. 







1 


2 


3 


4 


S 


6 


7 


8 





v 


ft 


7 


13 


19 


26 


31 


36 


41 


47 


61 


M 


58 


et 


66 


69 


73 


77 


80 


84 


87 


90 


» 


93 


96 


98 


100 


t03 


105 


lo: 


109 


110 


113 


30 


113 


114 


MR 


nil 


U7 


tl8 


■ HI 


na 


119 


12U 


40 


121) 


120 


12.1 


[■.11 


119 


119 


IIH 


lis 


117 


116 


M 


lift 


115 


114 


113 


111 


no 


109 


107 


106 


104 


ao 


103 


101 


99 


87 


95 


94 


92 


90 


87 


85 


TO 


83 


81 


78 


76 


74 


71 


69 


60 


64 


61 


m 


58 


56 


5.1 


50 


48 


45 


42 


39 


36 


33 


M 


30 


27 


24 


'Jl 


IS 


1.1 


12 


9 


6 


3 


"» 


" 
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I 


3 


3 
S 


4 


S 


e 


7 


B 


B 


«• 





3 


6 


11 


U 


i« 


18 


20 


29 


lu 


31 


25 


27 


38 


30 


31 


33 


33 


34 


3A 


a) 


35 


36 


30 


37 


37 


37 


38 


3B 


38 


38 


30 


38 


37 


37 


37 


37 


S6 


30 


35 


35 


31 


•» 


M 


33 


32 


S2 


31 


3U 


29 


28 


27 


27 


<iO 


■28 


2S 


24 


■i:i 


22 


21 


20 


19 


IS 


17 


«l 


16 


15 


U 


14 


13 


12 


11 


10 


B 


8 


TK 


H 


7 




ii 


5 


4 


3 


3 


2 


! 


80 


I 











-1 


-1 


-1 


-1 


-2 


-2 


BO 


-2 


-2 


-2 


-2 


-2 


-1 


-1 


-1 


-1 





100 
























Formulae (1), (2), (3) were deduced from observationa brtween 
0' and 100°. Applied to temperatures below 0*, thef gira the 
foUoving values, whidi are liable to the nncfirtaii^j atteading 
•extrapolation : 





tM-lr 


(«-*» 


tM-tm 


- 6° 


rem 


0*^04 


0°-02 


-10 


■07 


■08 


■04 


-15 


■12 


■13 


■07 


-20 


■17 


■19 


■10 


-25 


■23 


■25 


■14 


-30 


■30 


■32 


■18 


-36 


•38 


-40 


■23 



124. Oompeosated After-working. Two glasses of unequal 
after- working can be so combined, in the construction of a mereuty 
thermometer, thac the after-working of the oue is compensated by 
that of the other. To attain this end, the bulb must be made 
of the glass of smaller after-working, and a properly calculated 
volume of the glass of greater after-working must be placed inside 
it. Compensation thermometers on this plan were first intro- 
■duced by Schott. W. Hoffmann published observations taken 
with such instruments, and at the same time deduced the relation 
which connects their change of zero with the after-working of the 
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glasses.* G. MliUer of Ilmenau has since published soiiie- 
hes on eoiiipeiisation-thtrinometere, and prepared the way 
itroducing them into practice," 

icnlation of Depression.' I.£t v, denote the iuiernnl 
of the first or outer glass, oieRsured up to the zero mark, 
and at the temperature zero; v„ the volume at zero of the second 
glass; and therefore v^ — v^ the volume of the space originally 
occupied by the mercury at zero. Let both glasses have the 
BRtne mean coefficient of cubic expansion /9 from 0^ to t. Also 

-i- — - y being 



let 



I- stJind for — - — - i. , y bein" the' mean coefficient of 
K 1 + 100^ ' 

^fenision of mercury from 0' to l". Then, if rfj be the depression 
Hveni which would be produced in a thermometer of the first 
^Sss by heating to /', the volume of this depreaaiou, in a 
tJiermomeler containing volume i\ of mercury at zero, is h'^(i^l 
since At, is the volume of a degree at zero (An, 121), Similarly, 
the volume of the depression </„ in a thermometer of the second 
glaB3, containing v, of mercury at zero, is Any/,. In the coui- 
peusatinn thermometer, the volume up to the zero mark, which 
was initially v^ — ij , is increased by Af,(/, — kv^j ; also the voluDie 
of H di^ree at zero is A(r, — i^). Therefore, the depresaion, 
i«ckoned as nsual in degrees, is 

_, _ v,.;,-.v;. 



|he depression vanishes if 

v,d, — vjd, = 0, or - 






■ 0)- 



J when it does not vanish, its sigo is the same as tliat of 

I—A- 

ntn what is known of the prufRTlies of glasses suited for this 
!, it may be expected that djd, will increase with t. A* 
I is constant, it follows that, if the compensation is exact at 
mperature I, the depression will be negative for higher 
ratures. and positive for lower temperatures ; in othe> 
I thu thermometer will be uuder-compeiisiUed for lower and. 
MJCDpensated for higher temperatures, 

>Ztil*rJir./. Imlnim.. 17. iST (ISflT). 
*ZtilKhT, f. angncnndle CSemlt. tSftS, Heft 2. 
*[Short«ned aod nmplUivcLJ 
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Actual Oonstraction. In the compensation thermometers 
hitherto made, the outer glass has been the normal-thermometer 
glass 16"^ For the inner, a glass has been specially prepared, 
called 335"^ It has the percentj^e composition 

SiO^ B,03 MgO AI2O3 As,0, Na,0 K^O Mn^ 



67-1 7-0 



5-0 



3-0 



0-3 



8-5 9-0 



0-1 

Its expansion is nearly the same as that of 16"^ and its 
proportions of potash and soda ensure large after-working. 

If the inner glass •were left free to move about in the bulb, it 
would give rise, at any place where it touched the outer glass, to 
sharp angles in the intervening space surrounding the point of 
contact, and the mercury would be drawn out of these 
angles by surface tension, thus diminishing the effective 
volume of the bulb, and causing the mercury to stand 
too high in the stem. The construction which has 
been adopted is shown in iig. 27.^ Hoffmann states 
that the attachment of the glass pillar, in the position 
indicated, presents no difficulty to the glassworker, 
and that it is not difficult to give the volumes the 
prescribed ratio. Mliller on the other hand remarks 
that special precautions are necessary for obtaining 
the desired ratio of volumes. 

Observations. Hoffmann observed, in an enclosure- 
thermometer, constructed in the ordinary way of glass 
335"^ a depression 0°-22 to 0'-23, after half-an -hour's 
heating at the boiling point of water. Comparing 
this with the corresponding depression in normal glass 




\^ 



Fig. 27. 

thermometers, which is 0'*05, we obtain, for the volume-ratio 
in a compensation-thermometer of these two glasses. 

This conclusion has not yet been tested by the construction 
of a compensation thermometer with this volume-ratio ; but 
Hoffmann tested nine instruments which had the following 
volume-ratios : 



No. of thermometer 



64 (j6 62 71 73 61 
7 7 9 9 9 11 

1 Hofiinann, I.e. 258. 



65 67 68 

11 11 11 
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ESQ ratios iire iniicli larger th«D thai above deduced; it 
therefore appear (see page 301) that the temperatures 
I for w'jich they were truly compensated were much hifiher than 
100". To permit of their exposure to these temperatures, they 
were provided with vaeunus eiilan^eiueats at the upper end of 
their tubea. Previous to the observations, the instruments were 
kept at over 300° for several days ; a treatment which produced 
coaaidentble elevations of their zeros. 

The observations began with a deCermiiiattoii of zero, followed 
by maintenance for about half-an-hour at about 300°. Then 
came nnnther determination of zero, succeeded by another on the 
same day, and another the next day. 

In the heating at 300°, some mercury distilled over into the 
enlargement at the top of the tube, and had to be subsequently 
brought back to the bulb. This circumstance vitiated the 
det<.'raiinatiou of the depression immediately produced by the 
heating ; but good observations were made of the griwluul change 
of zero during several days of rest which followed. The time of 
rest varied from 7 to 25 days, and was too short, in comparison 
with tile intensity of the heating, to give full information. The 
observations included, in each case, one at the be^nning and one 
at tliG end, of the time of rest.' 

Seven experiments of this kind were made with thermometers 
64 and 66. In one experiment there was no change of zero in 
1 1 days ; in the other six experiments, the zero fell, by from 
O'Ol to 0°05, in from 7 to 18 days. This shows that the 
volume-ratio e,/v, = T gave over-compensation for heating to 300°. 

B(Xter results should thei-efoi'e be exi)ecteil frnm numbers 02, 
"1, and 73. which had Vi/fj= 9. Na 62 in fact showed a rise 
of 'Ol in its zero after 1 day of rest; but this rise had dis- 
appeared after 18 days' rest. It would seem that after- working 
ceases sooner in glass 16"' than in 335'". In four experiments 
with these three thermometers, 7 to 25 days of rest showed no 
change of zero ; in four others 7 to IS days of rest showed a fall 
of 0-02. 

Very similar results were exhibited by Nos. 61, 65, 67, and 68, 
which bod r,/«, = 11; there was no distinct evidence that they 
wvrv nndor -compensated. The exactness of the assumed volume- 
iauu« does not appear to have been submitted to any after tests. 
'l.c.-iS9. 
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n 

«ould 
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Adoptuig the supposition that a volume-ratio Vi/v, 
oompeneate the after-working due to heatiug at 300°, it foUova, 
iiom equation (4), that for this temperature, the ratio o( the 
after-workings of the two ^la^ses is djdi = 10. This is between 
two and three times the value of rf^/rfi for 100^. It is, however, 
not improbable that the final maximum of the depression-constani 
of SSS"" is larger than the value which was adopted, fiom 
experiments of coinparalively brief duration. 

125. Bastic Mter-wor'^ng. Gustav Weidmann ^ underUwk 
an investigation of the rehiious between elastic after-working in 
glass and its chemiciil .■ompositinn. Hi;^ nbsiTvutinn.s in^-hide 13 
different passes. Twelve of them are Jena glasses, wtudi have 
been already mentioned (p. 244) among thermometric ^asBW, ' 
under the designations IL, IV., V., VIL, VIIL, X.. XL, IIX, 
XXII, 16"', 17'", 18'". The 13th ia a Thunngian ^ass, having 
the composition 

SiO, Na,0 K,0 OaO Alfi, 

68-69 5-87 7-32 15-72" 2-11 

The meaning to be attached to the phrase elaetie ii^er-working it 
an extension, su^ested bj Abbe, of the meaning of the term 
a/ter-working in thermometry. An antecedent deformation leaves 
behind it a residue, which only gradually subaidee when the body 
is left to itself The ratio of this residue, after given time, to ik 
antecedent deformation, is the measure of the elastic after-ioorHiig. 

Flexore Experiments. The first measui-ements of thia 
after-working were made by bending glass rods (strictly speaking, 
stout capillary tubes). 

The following was the mode of procedure. The rod was firmly 
clamped near one end, and was at the same time supported on i 
knife-edge about 58 mm. from the clamp. Kear the other eniJ, 
a weight was hung on by a thread. In the later experiments. 
this loading lasted 10 minutes. The free end of the rod 
carried a fine scale 1 cm. long, which, when the rod bent, moved 
across the field of view of a horizontal microscope. The di*- 
placement of the end could thus be measured in thousandths of a 
millimetre, with an error not exceedii^; 2 J thousandths. The 
> Dimtrt, Jena, ISS6. 
^ Weidmum give* 0'72, whuh kppCAn to be a miaprint. 
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tDf,-8 were taken al 10. 20. 40. 60. 00 . 



. seconds after 



^Preliminary irials showed that after-working, as above defined, was 
idepeiideDi: of the niuotinl of bending, and also independent of the 
ons of the rod. It accordingly depends only on the nature 
of the glass, and the duration of the loadinj^. Results are there- 
fore comparable, provided that the durations of loading are equaL 

If a light loading was immediately succeeded by a heavy loading, 
th« aft«r>woTking showed an increase. If, however, several succes- 
sive observations were made with this heavy loading, the after- 
working diminished again, and, after about three observations, re- 
aumud and retained its original value. Transition from heavy to light 
Uuding gave, as was to be expected, precisely the opposite result. 

Experiments with one and the same kind of glass, at different 
tempemtures, kept steady during tbo continuance of an experi- 
ment, showed that glasses resemble caoutchouc in having decrease 
of after-working with increase of temperature. 

It was therefore necessary to conduct all experiments at the 
same temperature, as nearly as circumstances permitted. The 
long continuance of the investigation made the rigorous futtilment 
of this requirement imposeible, 

The disappearance of deformation from the unloaded rod was 
haat<^^ed by warming, and also by tapping. 

Tapping (and probably also warming) the loaded rod increased 
the after- working. 

Besnlts. The course and magnitude of after-working in the 
different glasses, as deduced from the flexure experiments, are 
gtren in the following table : 

AFTKK- WORKING. 



Alter. 


IV. 


u. 


X. 


"■" 


V. 


XI. 


16'" 


90 mm. 


■0011 


•0018 


■0027 


■COM 


■0036 


•0038 


■006S 


« .. 


06 


0§ 


21 


84 


S8 


25 


4fi 


_» .. 


04 


05 


17 


IS 


as 


19 


33 


^ .. 


03 


03 


14 


11 


18 


13 


25 


Kd .. 


_ 


_ 


10 


08 


14 ' 


OB 


18 


W' 


- 


r 


08 


OS 


10 


06 


U 


t- 


ir 


e 


r 


*■ 


12* 


r 
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Ajtbh-workihq. 






After. 


VTIL 


XIX. 


vu. 


Thnring. 


xxn. 


„..■ 

■0323 


20 M.^ 


■0082 


■oosa 


'0068 


■0106 


■0150 


«0 „ 


67 


67 


73 


96 


138 


a-rf 


00 „ 


42 


40 


69 


84 


124 


221 


90 „ 


30 


27 


47 


7fi 


113 


185 


190 „ 


22 


10 


37 


66 


94 


157 


180 „ 


U 


11 


23 


fi7 


BS 


128 


Temperature. 


10- 


4* 


3° 


,- 


ir 


r 

















Id tbe Isat five glasses, the decrease of after-effect was foUowed 
still further, with the resolts shown below. 





Afi 








After. 


XIX. 


vn. 


rhorlng. 


XXIL 


ITHl 


SminotM. 


■0011 


■«023 


■0067 


■0086 


■0128 


>• 


06 


14 


89 


76 


06 


7 „ 


— 


_ 


— 


— 


79 


10 „ 


_ 


— 


21 


M 


57 


16 ., 


- 


- 


-■ 


42 


32 




4° 


3* 


1° 


ir 


3° 



Fiezometric Experiments. Two thermometers, one of the 
above-mentioned Thuringian glass, and the other of the normal 
thermometer glass, 16'", were tested by internal pressure. They 
had spherical bulbs of diameters 36'2 and 32*2 mm., and tubes 
of internal diameters 0'27 and 045 mm., open at tbe top. Tbe 
open end of the thermometer under experiment was connected, 
by a sealing wax junction, with a glass tube bent twice at right 
angles, which passed through the cover of the piezometer ; and 
there was another opening in the cover through which the 
tube of a manometer passed. Pressure applied to tbe watei 
which filled the piezometer was thus transmitted to the interior 
of the thermometer, producing dilatation of the bulb and tabe, 
which was indicated by the depression of the mercurial columa 
The pressores unployed were from 1 to 10 atmoepberes, and 



eacb pressure was kept od for 10 minutes at a time. The 
displat^ineat of the sumEoit of the mercury was observed with 
a reading microscope. 

The most important precaution to be attended to in such 
experiments is that they be executed at a constant temperature. 
With this view the thermometer bulb was surrounded with aoow 
in the cakiuf; condition. But as an experiment sometimes lasted 
three hours, the influence of the temperature of the surroundings 
was not quite excluded. It is probably the chief source of 
inaccuracy in the determinations. Another source is the long 
time required to take ofT the pressure, amouating to from 10 to 
40 seconds. 

In accordance with the detinttion above given of the numerical 
measure of after-working, Weidmann records the ratio of the 
remaining dilatation to the original dilatation after the lapse of 
stated times. He concludes from bis observations that this ratio' 
is constant for one and the same thermometer ; and gives the 
following comparison of elastic after- workings as determined by the 
two different methods — flexure and dilatation : 



I 



TimB 


Glow 16'«. 


ThuringiML 


in wcoDdL 


Fleiure. 


DiUt. 


Fleiure. 


Dikt. 


20 


■0066 


Doeo 


■0106 


■0107 


40 


4S 


58 


96 


9si 


GO 


33 


45 


84 


as 


90 


■15 


30 


7a 


77 


120 


18 


29 


6S 


W 


ISO 


U 


20 


57 


57 




r 


0* 


r 


0- 



For the Tluiringian glass the two methods of deformation give 
, uvly identical results. Weidmana inclines to the view that the 
r diflerences in the caseof the 16'" are due to larger errors 
wrvation. 
■ion Experiments. Lastly, Weidmann tested the after- 
5 of two t^hisses — 16'" and 18'", by loreion. He used 
I Hbirea, which, at the definite temperature, were brst subjected 
mtnutvs to torsion, and then relieved. The apparatus 
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employed exactly resembled that described by Kohlrauscii. and 


the readings were taken by telescope and scale. Within cerbun 


limits the experiments confirmed his result that the original and 


-he remaining torsion are proportional ; their ratio is taken as the 


tneasure of the after-working. The resiUte are given in the 


following table, along with those of the other two methods, 


which are reproduced for comparison : 


Time 
In udchkU. 


IS"'. 


is™. j Tbiuiag. 


Flei. 


DlUt. 


Tore. 


FlM. 


To«. 


PI«. 


Dilu. 


20 1 -OOSS 


■0089 


_ 


■0036 


_ 


■0106 


■oier; 


40 


45 


6fl 


■005S 


24 


■ooat 


03 


n 


60 


33 


*B 


45 


15 


21 


84 


M 


90 


25 


36 


36 




18 


73 


77 


la) 


ID 


29 


31 


08 


14 


66 


ai 


ISO 


13 


20 


24 


05 


12 


67 


57 


TempentQre. 


r 


0" 


0- I s- 


0= 


■• 


0- 



The comparison seems to indicate that the nu^tude of after- 
working is not independent of the nature of the deformation. 

Formula for the Progress of After-workliier. F. Eohlrausch, 
in accordance with a theory of after-working developed by Boltz- 
mann, represents the falling off of the after-effect hy the formula 

X denoting the amount of deformation remaining after time ', 
reckoned from the instant when the body is set free, divided \>y 
the original deformation. For a given body, and given kind of 
deformation, the constants C, a, and m are independent of the 
magnitude of the deformation, if not too great. 

Weidmann finds that his flexure observations on glasses 
T. and YII. and Thuringian glass are well represented by the 
formula, with the following values of the constants ; 





V. 


VIL 


■ni.rtogl». 


c - 


- 005 980 


0016 04 


0-016 86 


a ■ 


- 1 


1 


0-696 7 


m - 


- 0-573 1 


0-652 6 


0-416 7 



On the other hand, his torsion observations cannot easily be 
reconciled with the formula. 



¥ 
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126. Elastic After-working and Chemical Compoaition. 

Of the 13 glasses tested fur \;lfi)<lic wurkiiig \iy Weidmaiin, 

4 are potash glasses, viz., IV., V., XL, 18"'; 

5 are soda glasses, ,. II.. VIII.. X., 16"', XIX.; 
1 is n lithia glass, „ VII. ; 

3, viz., 17'". XXII., and Thuringian, are mixed fjlHsses in 
the seuse of containing both potash and soda. 

The observations in Art. Ii5 show that the three mixed 
glasses are distinguished from the others by the largeness of their 
elastic after- working, and the lithia glass comes next to them. 
The following figures relate to the three mixed glasses : 

Thurins. XXII. IT'". 

After-effect after a 0^ -0106 0150 0323 

Soda 5-87 14 J^ 

■ Potaih ' ' 7^ 14 TF9 

In the initial stage, the lithia glass shows after-working 
eumparable with (though less than) that of soda glass, but its 
tailing off is much more rapid, 

Th« following 6gures show that the order from less to greater 
ie nearly the same for conteiit of soda as for after-efiect : 

»n. X. 16"'. VIII. XIX. 

Effect after 20". 0018 -0027 -0065 -0082 -0086 

Peicratage of soda, 7 8 14 IS 15 

Temperature, S° i~' 7' 10° 4" 

Taking temjierature into account, VIII. ought to be regarded as 
having more after-working than XIX, It also shows a slower 
falling off. 

The afU'r-effect for potash glasses, even in tlie early stage, 
ifl very much smaller than that of soda glasses in the middle stage. 
The order from less to greater in content of potash is not the 
same as the order from less to greater in after-effect, and would 
not be made the same by correcting for diB'erence of temperature. 
B is shown by the following figures: 

18"'. IV. V. Kl. 

Percentage of potash, 9 13-5 16 18 

Effect after 20^ "0036 0011 0030 -0038 

Tempeiuturi!, S* IV i~ 12' 
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XDL 
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■08 


■07 


IVa. 


IV. 


V. 


XL 
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■09 



137. OompariBtm between Elastic and Thermal After- 
working. Weidmans's InvestigationH, which we have been 
describiiig, were mainly directed to answering the queelion 
whether any relation can be found between elastic and thennai 
after-working. ^ 

Taking aa an index of thermal after-working the depression- 
constant D defined in Art. Ill, and noting its values for the 
groups of glasBea which we have just been discussing, we have 
the following list of valnea of D, in decimals of a degree : 

Tbnring. XXXL IV. 

Mixed glasses, 
Lithia glass, 

Soda glasses. 

Potash glasses. 

These figures bear oat the statement (see Art 111) that mixed 
glasses show larger thermal after-working than glasses with only 
one alkali. The same is true, as we have just been showing, for 
elastic after- working. Looking upon after-working of either kind 
as a thing to be avoided, we may therefore say, with Weidmann, 
that " thermally bad " glass is " elastically bad," and that 
" elastically bad " glass is " thermally bad." The same conclusion 
results from comparing flexure observations with depression. 

Ko. exact relations between elastic and thermal after-working 
are however to be gathered from these comparisons, and it was 
to obtain further indications in this direction, that Weidmann 
undertook the piezometric experiments, in accordance with the 
following line of thought. 

Let v^ be the volume of mercury in a thermometer at 0°, 
y and /3 the mean coefBcients of expansion of the mercury and 
the glass from 0° to 100°: Then the capacity of the bulb is 
greater at 100° than at 0° by IOO^Vq, the volume of a degree at 
100° is {y — ^v^ and hence the increase of volume is equivalent 

to jj degrees. Call this number n ; then internal pressure 

y~^ 

producing an increase of volume measured by n d^rees will 

afford a fair comparison, in its after-effect, with the depression B 



^^ AFTER- WORKING AND THERMOMETRY. 311 

produced by heating from 0' to 100°. The piezonietric results 
were, however, in the meantime onlj employed for comparison 
with the results from flexure. 

Weidmanii e.xpreHses a suspicion that thermal and elastic 
after-workiuf; cannot he comparable, iuasmuch as elastic after- 
effects disappear quickly, whereas the vanisliing of depression is a 
very tedious process. He also contrasts Pemet's law (Art. 113), 
that the depression produced by heating from 0° to t" is propor- 
tional to the square of t, with the fact that elastic after-effects 
are simply proportional to the original deformation, 

128. On the Theory of the Thermal After-working of 
Glass. The phenomenon of depression, which ia found in all 
mercury thermometers, has uot yet received a satisfactory explan- 
ation.' There can be no doubt that depression indicates an 
increase in the capacity of the bulb ; but the cause of the 
increase is still an open question. 

Under these circumstances we may be permitted, without pre- 
tending to offer a complete theory, to give a few indications as to 
the nature of the actions whose existence can be inferred from 
the observations. 

The after-working which is in question includes a series of 
phenomena. The lirst of them is, that when a glass is raised 
from 0' to t', its volume, while maintained steadily al this 
temperature, goes on increasing for a considerable lime. A good 
example ia furnished by Wiebe's observations ou the continually 
advancing depression of a boiling point thermometer of Thuringian 
glasftinalcohot vapour (Art, 115). The continual increase depends 
(for any given glass) not only on the temperature t to which the 
tliemvimeter is raised, hut also on the progress of the heating up 
to that temperature. 

Deformation of the Walls of a Hollow Vessel by Heating. 
When an approximately spherical or cylindrical hollow vessel, 
with its walls originully free from stress, is rapidly raised in 
temperature from 0" to (', it is obvious that, during the rise, the 
wails will consist of layers of diHerenl temperatures. If we 
Imntiinu the oonnectiona between the layers to be dissolved, the 

I A brict kocouDt of attempted expluiatioru is given by R. Webar in th« 
iBtradooltoii to hi* tovntig'tinu of th« inQnenoe of ibe oompMilioo of th« glMia 
Btr. d. BtrUK Abad., Nov. 1893. 
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layers would separate from one anoiher, to distances increasing; 
with the differences of temperature, and with the expansibility 
of tbe material. As soon as all the layers have attained the 
OODUDon temperature (", they will, for the first time, be all in 
ocmtact, and free from stress. The capacity of the vessel wheu 
tJiifl condition is attained, may be designated its normal volume. 

As tbe layers are actually united firmly together, it follows 
that, during the rise of temperatnre, they deform each other; the 
outer layers are subjected to thrust, the inner ones to pull, and 
between the two there will be a layer free from stress. In 
spherical or cyiindricai vessels, the deformations thus produced 
could be calculated, if the thermal expansibility of the materinl, 
and its coefficients of elasticity, were known, and if a dctinitt? 
assumption were made as to the distribution of temperature from 
layer to layer. 

After-wtnrkliig of thla DefmnaticaL It caoiiot be doubted 
that the elastic defomiatiou) thua< called out in the walls dutii^ 
dte rise of temperature produce after-working. The oircomatanoe 
that the deformations are aecompanied by rise of tempenton 
has probably an influence on their magnitude and coarse, aad 
renders their estimation more difficult. 

Weidmann'a observations (Art. 125) furoieh a basis of calen- 
lation for the after-working of the dilatation, if we employ the 
assumption (which was supported by his flexure observations) 
that after-working is increased by warming during the application 
of stress. 

No data are available for the after-working called out by thmst 
Whether it is influenced-^and if so in which direction — by rise 
of temperature during the application of stress, is not known. 

The ratio of these two after-workings one to the other is «1» 
not indicated by available observations. Moreover it is quite 
possible that the coefficients of expansion of the different layen 
are slightly modified by the conditions of tension and thrust. 

Influence of After-workings on Capacity. It is not d priori 
probable that the layers, affected as they are with opposite aftw- 
workings of varying intensities, should, on attaining the per- 
manent temperature t", be in permanent equilibrium, and have ^eir 
normal volumes. The gradual relief of the stresses in the layers 
is not likely to be brought about without changes in the volmne 
of the vessel. It would not be altt^ether unreasonable to suppose 
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lliat them might even be altmtiale inward and outward move- 
meuts, M results of the two opposite kinds of stress, which 
contend with one another. Lack of experimental evidence forbida 
contideot statementa on tliese matters, and we can only form 
conjectures. 

Hypothesis on Thermal After- workine:. Aa a. working 

hypothesis, lei us rtssauie tlmt these supposed movements actually 
occur, and briuf,' about the observed tbermometric depreaaion. 
The following will then he the course of events. 

After the temperature l" is reached, the after-worVing of thrust 
in the outer layers tirst comes iato operation, and the vessel 
regains its normal capacity. The movement continues heyond 
this position, and the after-working of pull in the inner layers 
comes into play. The limit of this movement will be determined, 
on the one hand by the magnitude of the after-working itself, and 
on the other hy the elastic resistance of the outer layers. After 
the movement of extension baa ceased, there will be a slow recoil, 
the after-working of pull vanishes gradually, and finally the 
norma] volume is attained, but this time without stress in the 
walla.' 

From this view of what occurs, it will immediately follow that 
tht conditions which promote largeness of depression in a glass 
are, large thermal expansibility, Icirge after-working from pull, 
small conductivity, and sninll cotrllicients of elasticity. 

Verification of these Conclusions. These conclusions, as to 
the physical properties wbicli conduce to largeness of depression 
of the zero of a thermometer subjected to rapid healing, can 
be tented by comparison with observed depressions. 

Pemel has laid down the rule that, in order to obtain agree- 
t between the indications of thermometers which have unequal 
sibtlities, the observed reading must be compared with the 
> MS determined immediately after.^ 




I|5 [Wbctbrr wo accept or reject tbUoUtline of anccnaiveitagH, it leFnii clew thftt, 
■• indepcnilcnt variables ( I ) thermal eipansibility. |'J) thermal ilitniiJTit;. 
I to iliBiorU'nD, (4) liability ru mmhaiiical aftcr-workuig— whioh 
pood to B, A', £, .v.— the disturtiun procluvetl by suddou chiutj^ of 
ntnr* ol tbe aurfaue uill increaie with the largeneu of (1), and with th* 
• of li) Bod ('A). Tbe attcr-working cDiitei|UDiii on the dUlortion irill 
iatarmPy ba propartiimal jointly t<> the diaturtioii ainl to (4| We tliua arriTe Ht 
Um cKmoliuinn aialul in the text.—.)- D. K.) 

I. HandA. d. Phfik.. U. 2. 34. 
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Hence we must infer that the depression brought about by 
beating from 0° to 100 is not much changed by the immedjatelj- 
"subeequent cooling from 100° to 0°. Aa regards the physical 
qualities abore indicated as afTecting depressibility, the following 
foots may be addaced. 

WeidmanD found a connection between depression and the 
elaatic after-working brought about both by bending and by 
intemal pressure — a connection which he expressed by saying tlial 
" ft thermally bad glass is also elastically bad, and fvx versa." The 
absence of a definite quantitative relation is only what was to 
be expected, if depressibility depends on other qualities as well. 

The opinion that smallness of thermal expansibility keeps 
down depressibility has been long held, and is borne out by 
even a superficial comparison of coefficients of expansion with 
after-workings reealting from internal pressure; bi giving an 
accoant of the thermal after-workings of 16"*, 17™, and 18"', 
Weidmann calls attention to the great differences in expan- 
sibility between these three glasses.^ In fact, if depressibility 
is to be made small, it is absolutely necessary to employ glasa 
of small expansibility. 

Conductivity has also been long regarded as inflaencii^ 
thermal after- working. In citing old researches by Wild, Weid- 
mann expresses the belief that "bodies which conduct heat well 
have small thermal after-working." ' This explains the absence 
or extreme smallness of thermal after-effects in metals. 

Furthermore, it is not merely internal conductivity that must 
he regarded as influential. The difference of temperature between 
the external and internal surfaces of a bulb when exposed to 
heating, will depend mainly on the ratio of surface conductivity 
to internal conductivity. An experiment of Weidmann's seems 
to show that different kinds of glass differ largely in surface- 
conductivity. When steam was passed through tubes of 16'", 
17'", and 18'" for the purpose of heating them, 16"' and 18"' 
were quickly bedewed, but not 17"', although, as he goes on to 
remark,* it was a hygroscopic glass. Clearly, the surface of the 
hygroscopic glass was more quickly heated up than the surfaces 
of the others ; which is easily intelligible, as steam was the 
heating substance. In internal conductivity it was intermediate 
between the other two. 

> DU$., 18. 'Dig*., 34. 'Km., IS. 
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ifluence of elasticity upon depresaibility seems never to 
in euggesttd. There is, therefore, special need for 
D on thia point. 
I following table will eerve for testing the foregoing con- 
The first column gives the names of the eleven glaases. 
I aecond column, is the coefficient of cubic expansion. 
'd, K is the internal conductivity, in C.G.S. units. In 
rth, Wis the measure of the after-effect 20' after unloading. 
I flexure experiments. E in the fifth column is Young's 
ju of elasticity : and D in the last column is the depression 
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MtiBg from 0^ to 100^ All the values of N and of D 
B direct observation. Most of the other vahies are com- 
rnm the chemical composition of the glasses (see Arts. 97. 
the only observed values bein-; (3 for 16"', 17'". 18'", 
Mod E for 16"'. The values of N were all observed at 
temperature. The values of Z* are not rigorously 
5, inasmuch as the thermometers were not all of the 
As there are here several elements of uncertainty, 
must be drawn with caution, and not based on small 

Hpicdous example of the influence of elasticity is furnished 
Irst two glasses II. and IV., the former a soda and the 
potash glass. Both of them show small elastic after- 
[ rV. has the smaller coefficient of expansion, and much 
T conductivity. These are reasons for expecting it to 
oouUer depreseibility ; and the fact that its dt^pression- 
is four times aa large as that of II. can only be 
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accounted for by the £act that it has a coefficieiit of elasticity 
rather below the average, while that of II. is the laigest in 
the list. The comparison of VIII. with XIX. famishes another 
example of the influence of elasticity. 

The influence of conductivity is seen by oomgaiing VIIL with 
X. The influence of the coefficient of expansion (as well as of 
the coefficient of elasticity) is brought out by the comparison of 
18"^ with the group V., X., XL The equality of the depres- 
sions for these three glasses is not quite in accordance with 
theory — we should expect that of Y. to be the largest — and the 
discrepancy is perhaps to be ascribed to errors in the values 
deduced from chemical composition. 

Comparisons of this kind could easily be multiplied. In the 
great majority of cases they are in harmony with the predictions 
of the foregoing theory. 

129. Thermo-elastic After-workiiig. In Art 73, in con- 
nection with the elasticity of glass at high temperatures, it was 
mentioned that Winkelmann found indications of an increase in 
the coefficients of elasticity of glasses, after heating and cooling 
down again. He illustrates the point ^ by a series of observations 
on glass 23 (in his own numbering). On April 27, 1894, after 
a determiuation of its coefficient of elasticity on the previous 
day, it was heated to 380°; and, being tested on April 28, 
showed a larger value of the coefficient, which, however, had 
fallen off a little by April 2 9 ; and on May 1 9 the fall bad 
reduced it to nearly its original value. Being then heated to 
480°, it was found on May 30 to have nearly returned to ite 
original value; but being then again heated to 480°, the 
increased value which it showed remained steady till June 14 

Several glasses were treated in this way until the increased 
coefficient of elasticity became steady ; and these steady values 
are given, together with the original values, in the following 
table. They are in kg. per sq. mm., for the temperature 20'. 
The column headed W. contains Winkelmann's numbers for the 
glasses. The difl'erences are given in percentages, and range 
from 0*1 to 4*6 per cent.* 

1 Ann. d, Phys, u, Chem., 61. 114(1897). 

> The value 7663 given in Art. 72 for glaas 10 is the mma of obeervatioiii on 
three rods ; 7640 is the vslue for one of these rods. 



The table does not furDJsh exact comparisons between the 
glasses ; inasmuch as they were not all heated to the same 
emperature. The increased values were not, in a strict sense. 
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Uiff. 
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Before. 


After. 


Diff. 
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7234 
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SI 


6373 


0441 


11 


ei 


0672' 


S0S7 


1-7 


32 


5ft43 


5885 


0-7 











wraianenlv After the lapse of a long time smaller values were 
'ound, which gradually diminished to the original values. In 
^■ss 19. for example, this complete return occurred after about 
t8 months ; in glasses 85 and 87 after about 10 months. 

Tbennoelastic after- workinj; is not, by any means, a property 
[Mcaliar to glass. Wink el ma on ha^ found very conspicuous 
Bonifeatations of it in platinum.' A strip of platinum, of tbe 
nme thickness as the wall of a thermometer bulb, showed an 
initial coefficient of elasticity of 16926 kg. per sq. mm. After 
wanninge to 20", this had increased to 18380 — ou 
9 considerably larger than that observed in glass. After a 
rest of 10 months, the. coefficient bad gone back to 17516 ; and 
It showed little further decrease durin<,' the next 4 months. 

Hie observed phenomenon cannot be a mere conseqm^nce of in- 
ereoae of volume ; for this is too small to account for the oliserved 
difference, as Winkelmann has pointed out, both in the case of 
^ass and of platinum. A thermometer made by L, Marchis, with 
a glass tube melted on to a platinum bulb,^ showed, after heating 

I thrM gUnei had Iimd In the htutiiig sppinttiu betore tha lint 

L PAy*. H. Chrn,,ea 117 (1807). 
|<;(S)4. 217(1800), 
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to 100", a depression so small that its existence ooold not be 
established with certainty. Still less is it possible to ascribe the 
effect to diminution of volume resulting from protracted heating; 
for, as Winkelmann has remarked, this would produce an 
apparent diminution of the coefficient of elasticity. 

The increase is real, and not merely apparent. Winkelmann 
suggests, as the most obvious explanation, the introduction of 
stress by the heating and quick cooling ; the glass being supposed 
to be previously well annealed. If this is the explanation, the 
stresses must, however, be different in kind from those produced 
by the rapid cooling of glass heated to softness ; for Winkelmann 
and Schott have confirmed Quincke's result, that unannealed 
glasses have smaller coefficients of elasticity than well annealed.^ 
Furthermore, the circumstance that the glasses were heated to 
near their softening points does not seem to be material ; for the 
platinum showed similar effects after heating to 400' 
temperature very remote from its melting point 



^Ann. d. Phys. u. Chem., 51. 710 (1SS4). 
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130. For glasses which are to be used in the construction 
physical instruments or of chemical utensils, immunity from 
emjcal attack, by auy liquids, vapours, or gases which are likely 
come in contact with them, is often a prime consideration. 
T instance, glasses possessing valuable optical properties may be 
fit for use in optical instruments by reason of susceptibility to 
!• action of damp air. Or, to ^ve another illuslraiiun, it is well 
own tliat Stas, in his revision of the atomic weights of the 
imente, thought it necessary to have the glass vessels which 
tre to Itti used in the research expressly made, of glass 
aracterised by special fwwer of resisting such influences. 
The nature and course of the chemical actions produced on 
e surface of glass, by contact with various substances and 
ider various conditions, and the dependence of these actions 
I Uie chemical composition of the glass, have been the subject 
very numerous researches. We must eontine our attention 
those which are most closely related to the work of the 
na glass- making laboratory'. They are contained in the 
Uowing memoirs, which we give in chronological order, 
gcthor with the abbreviated designations by which we shall 
fer bo them : 

. !.> F. U^liiw, "On DistiirbuiMB of Spirit Levels." Communication 
fnim KcichMiiEUlt. ZeiUchr, /. Jnttntm., 8. 9C7 (1886), 

j.n.B'P. Hyliiu, "TeitluiK tbe Surface of Glaat bv Olour ftcAction." 
Oonim. from Kciclia. J&i'/*-Ar. /. /b**™*,", 9. fiO(ies9). 
}. Sehott, " Suakiiid uf Witter tnto UliuHSurfuw." Zeiu^. f. /nitrum., 

ft 86 (1B8»). 
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M. u. F. LsMylios and F. Foerater, "Solubility of GImm in Water." Ikr. 

d. deuUck, Chem. Geg,, 22. 1092 (1889). 

M. u. F. II. sMjlius and Foerater, *' Solabilitjr of Fbtaah- and Soda^gbam in 

Water." Commnn. from Beichaanstalt. Zdtmkr.^lnstnm^ 
9. 117 (1889). 

M. a. F. III.=:M)rliaB and Foerater, "Determination of Small Qnantities of 

Alkali, etc., in Water.** Commnn. Baidia. JBnr. d. dsMUdi, 
Chem. Oes.y 24. 1482 (1891). 

M. u. F. IV.sMyliua and Foerster, "Glaas VeMela for Ghemioal Uie. 

Behavioar of Glass Surfaces to Water.* G6m. Beidn. 
Zeit9chr. /. Irutrum., 11. 311 (1891). 

K. I. =F. Kohlraosch, " SolnbUity of Some Glasses in G61d Water." . Asul d 

Fhyi. u. Chem., 44. 577 (1891). 

K. ILsKohlrausch (Same title. Extract from abo^e). Ber. d. dnUack 

Chem, Oe$., 24. 3560 (1891). 

F. I.sF. Foerster, "Chemical Behaviour of Glass. Action of Solutions of 

Alkalis and Salts on Glass." Com. Eteicbs. Ber d. dtnOfcL 
Chem. Ou., 25. 2494 (1892). 

F. II. = Foerster, " Further Knowledge of Chemical Behaviour of Glin 

Investigations at Beichinnstalt" Ber. d. deuieck. Chem. OtL, 
26. 2915 (1893). 

K. IIL=Kohlrausch, ^ Further Observations on Glass and Water." Ber. d 

deutich. Chem. Qee., 2a 2998 (1893). 

F. III. » Foerster, "Action of Acids on Glass. Investigations at Beichs.'' 

ZeiUchr. /. analyt. Chem., 33. 299 (1893)l 

F. IV. = Foerster, "Glass Vessels for Chemical Use." Commun. from 

Reichs. Zeitschr.f. Iiistrum., 13. 467 (1893). 

K. u. H. = Kohlrausch and Hevdweiller, "Pure Water." Ann. d. Phyt, «. 

Chem., 53. 209 (1894). 

F. V.= Foerster, "Comparison of Some Glasses in Chemical Behaviour. 

Invest. Reichs." ZeiUch.f. analyt. Chem., 34. 381 (1894). 

B. = Reinitzer, " Contributions to Quantitative Analysis." Zeitsch. /. ange- 

wandte Chem., 1894. Heft. 18 u. 19. 

V. I. = P. Volkmann, "Measurement of Surface Tension of Water in 

Capillary Tubes of Various Glasses." Ann. d. Fhys. u. Chem., 
53. 633 (1894). 

V. II. = Volkmann, "Studies on Surface Tension of Water in Fine GsplUaiy 

Tubes." Ann. d. Phys. u. Chem., 66. 194 (1898). 



131. Decomposition of Surface of Glass by Water. After 
attention had, for several years, been directed to the circumstance 
that glass levels in course of time became useless, owing to a 
rough coating which formed upon their inner surfaces, an 
investigation was undertaken by the Reichsanstalt into the 
cause of this trouble. It disclosed the fact that the phenome- 
non occurred in levels in which the ether was not free from 
water, and that it arose from chemical decomposition of the 
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surface of the glass by the water. In accordance with many 
earlier obaervatioas, it was foand that the wiiter had extracted 
potnuh and aoda from the glass, while only a relatively small 
qunntity of silicic acid had been dissolved. 

The fonnation of the rough coating being thus traced to the 
decomposition of the glass by water, a comparison of the relative 
susceptibility of different glasses to this kind of attack was 
obviously suggested. Previous publications contained no com- 
parisons from which ijuantitative conclusions could be drawn. 
Such a comparison was undertaken by Mylius, for 14 different 
glasses, among which were five Jena glasses, including the normal- 
thermometer glass 16'".' 

The following was the method of procedure. The glass to 
be operated on was hrst pounded in an iron mortar, and, by 
the help of two sieves, was obtained in the form of rather coarse 
particles »f nearly uniform size. A volume of 801 e^ of this 
material was weighed, and put into 70 c.c. of distilled water in 
a platinum vessel, in which it was heated for five hours in a hath 
of boiling water. The plutiutiiii vessel carried a small back-flow 
condenser cooler, connected with a Liebig's potash apparatus 
for exchiding atmospheric carbonic acid. Thu solution, when 
it had become cold, was liltered, and a volume of 60 c.c. of the 
filtrate was employed for the determination of the constituents. 
A defect, ns regards comparability, is the absence of security 
fen- equality of the total surface of the glass particles in different 
«xporimenls, 

Mylius gives, in a table which we do not reproduce, the quan- 
tises (in milligrammes) of silicic acid, soda, and potash in each 
60 C.C. of solution : and the quantiticH of oxygen in the soda and 
potash are calculated on the assumption that there are 16 parts 
by weight of oxygen in 62 of Na^O, or in 94 of K/l. The quan- 
tittes of oxygen thus computed for the two alkalis are added, and 
hUw sum is adopted as the measure of susceptibility to utlack by 
This gives the same order of arrangement as would be 
ined by dividing the weight of aoda by 62, the weight of 
potash by 94. and adding. 

In the list of glasses thus arranged in order of susceptibility to 
aUack, the first — that is. the Tuost susceptihlfr — is potash water- 
glass, and the second, soda water-glass. The pure silical«s of 
' U., I. 278. 
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potash and of soda respeotivelj, were also tested for oompariaoiL 
Flint glasses with a large content of lead were found to have 
specially high withstanding power. The densest Jena lead siUcate, 
containing 78*3 per cent of lead oxide, and 21'7 of silicic add, 
came last in the list, being almost completelj exempt from attack 
bj water. It is known that these flint glasses are onlj veiy 
slightly hygroscopic, and that they are good insulators for 
electricity. On the other hand, they are easQy decomposed by 
acids and alkalis. 

The ratio of the constituents extracted fix>m glass is not the same 
when the water is cold as when it is hot MyUus found, in the 
case of soda water-glass, that water at lOO"" gave a solution 
containing 0*36 of a molecule of soda to each molecule of silicic 
add, while water at 20"" gave, after nine days' contact with 
powdered water-glass, a solution containing 3*1 molecules of soda 
to one of silicic acid. 

132. Testing of Surfiaee l^ Ckdour-Beaction. K Weber has 
introduced a method of testing glasses by exposing them for 24 
hours to an atmosphere of hydrochloric add vapour, and after- 
wards to air.^ The glass becomes covered with a rime of chlorides 
which is more abundant in proportion as the glass is more suscep- 
tible to attack. Weber himself carried out, by this method, a 
thorough investigation of the relation between the composition 
of glasses and their chemical behaviour under atmospheric 
influences.^ The method requires a trained eye, and cannot 
be applied to rough surfaces, because the rime is generally not 
recognisable upon them. 

Several attempts have been made to bring out the behaviour of 
glass by colour-reactions. The usual plan is to expose the surface 
to the contact of aqueous solutions of substances which change 
colour when acted on by alkalis. As the water draws out 
alkali from the glass, red solution of litmus is coloured blue 
where it is in contact with the glass; a colourless solution of 
phenol-pthalein or of haematoxylin becomes purple-red. Mylius 
endeavoured to utilise the blue colouring produced in a solution 
of starch and iodine by a trace of alkali; and he describes 
a pretty lecture experiment, in which the action of water on 
glass is rendered visible.' These reactions are suitable for 

1 M., IL Mnn. d, Phys. u. Chem., fi. 431 (1879). »M., II. 61. 5. 
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that glass gives up alkaliae constituents to water, but 
well be employed for comparative testing of different 

lod-eoain Test. If a glass surface is brought into contact 
itery etber. it draws water from the solution and gives up 

it. On the other hand, the oi'ange yellow colour of a 
\ of iod-eosin (CjuHgljO^) in ether is changed by alkali 
1. Mylius, who had previously used this colour reaction 
ilher purpose,^ has applied it to the practical testing 
les. Commercial ether is shiikea up with water at 
r temperature, till it is saturated with water. It is then 
off from the rest of the water, and iod-eosin is added 
proportion of 01 gm. to 100 c.c. of the liquid. The 

18 filtered, and can be preserved in well-dosed flasks 
ited. 

1 vessels arc tested by pouring in the solution. The first 
bo clean the surface from any products of weathering which 
lere to it, by carefully rinsing it with water, with alcohol, 
tly with ether. Immediately after the cleansing with 
le eosin solution is poured in, the vessel is carefully closed, 

eolution is allowed some 24 hours to do its work. It is 
Iplied out, and the glass rinsed wiLh pure ether. The 

of the glass is now seen to be coloured red ; and the 
: of the colour furnishes an indication of the susceptibility 
Imb to attack by cold water. 

la tested in this way a number of tbe glasses of commerce, 
els employed in the first instance being glass tubes. He 
coloured plate showing the appearances presented by 
I specimens after tbe same treatment. Tbe differences in 
uhug are very considerable. They are however uol due 
D differences of composition in the glasses. InequalitieH 
beriog, and other differences of condition in one and 
e kind of glass, are also revealed to the eye by this very 
I method. 

fM«l glass with large content of lead was conspicuous for 
;th of its colouring, although it did not give up much 
to water. The colour was partly produced by the 
which remained clinging to the glass when the 
J removed by rinsing with water. 
'M., I. 20S. 
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Normal-thermometer glass showed aboat the same coloaring 
as the least fusible kinds of Thuiingiaxi glasa. The weakest 
colouring was shown by the Bohemian glass from the works 
of Slavalier. 

The eosin test agreed completely in its results with Weber's 
method. 

Lastly, Mylius used the eosin test to show the effect of vaiioiu 
modes of treatment, in increasing or diminishing suaoeptihility to 
decomposition. For details of these reseaiohee, in which the 
utility of the method is conspicuously shown, we must refer to 
the original memoir.^ 

183. Penetration of Water into the Snrlhce.* Some 
specimens were handed over to Schott in 1883 by the Standsrds 
Crommission, of thermometer tubes which, after being- kept for 
several days in boiling water, had shown hook-ahaped cracb 
going right through the walls, and, on the gentlest touch, broke 
into large pieces, which dung together. When Schott heated 
the pieces in a gas-flame to a temperature higher than that d 
boiling water, a thin layer of the outer sur&ce resolved itself into 
small amorphous splinters, while the inner walls of the tube 
remained unaltered. Previous to the heating in the gas-flame, 
no visible changes could be detected in the surface. The 
appearances suggested that water, in contact with glass, not only 
dissolves components of the glass, but is taken in by the superficial 
layers. The water which has penetrated will, on sudden heating, 
be converted into steam, which produces the fine splintering. 

To put this suspicion to the test, specimens of several kinds of 
glass, in the form of tubes and of small discs, were submitted to 
the action of hot distilled water, in a digester, on five consecutive 
days. They were then carefully cleaned, with water, alcohol, and 
ether successively; then dried for several hours over sulphuric 
acid; and then kept at 150° in an air bath. Three weighings 
were made, the first before exposure to the hot water ; the second 
after the drying ; and the third after the final heating in air. The 
losses of weight from the fii-st to the second, and from the second 
to the third weighing, are given below, the percentage com- 
position being prefixed. The losses of weight are expressed in 
mg. per sq. decim. of glass surface. 

^M., II. 66. «Sch. 
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1. iKFEIEIOIt ThUKOKJIAN CiLASK. 

SiO, Na,0 Kfi CaO A1,0, + Fe,0, MgO 

68-69 15-87 7-32 5-66 2-11 024 

Losses of weight, 10"7 mg., 4*9 mg. 

Alter the heating in water, the surface showed no ohaDge; 
after Lealiog in air, at 150", it was quite corroded, and Haa scales 
came off in abuudance. The loss, 4'9, was therefore not all water. 

•2. SUPBBIOU THUBINUIAN (iLA.ss. 



SiO, 


Na,0 


K,0 


CaO 


A1.0, 


re,o. 


MgO 


6902 


1601 


3-38 


7-24 


30 


0-43 


0-26 



There was, in addition, a little manganese oxide, and arsenic 
Acid. The glass was tested under three different conditions ; 
(a) after keeping for two years in air; (6) alter previous heating 
at 100 ; {e) after heating to the coiuuieocenient of softening. 
The results were 



(a) Losses of weight, 
{b) Losses of weight, 
(e) Losses of weight, 



;!-5 mg., 0-8 mg. 



!■( 



0-6 



Id («}, the surface after the heating in water appeared 
absolately unchanged. After the heating in air, it wn« all 
covered with fine scratches, but threw o(T no scales. 

In (b), these scratches were very tine, and barely visible to 
the naked eye. 

In (c), no scratches were visible, even with a magnifier. 



3. Jena Glass XVIII. 

SiOj Na,0 PbO ZnO B^O, 

66 13 10 7 3 

Losses of weight, 1*2 mg., 0*0 mg. 

3ie Burface showed a bluish shimmer, without other change. 



4. Jk.\-a Glass XXIL 



aae jena glass. 

The glass, after only 3fl hours' heating in water, abeady 
showed namerooB irr^nlar cracks, and began to go to pieces; 
the anrfoce became rough. 'U'hen heated to 150°, the surface 
flaked off, and the glass was marked all over with numberless 
scratches. 

5. Jksa G[ass ^^"\ 

SiO, Na,0 CaO Al^Oj, BjO, 

62 16 16 2 4 

Losses of weight, 5'5 mg., O'O mg. 

The sorface had assumed a bluish Bbimmer, wiUumt otber 
ohange. 

6. Jena Glass 6™. 

SiO, Na,0 K,0 A1,0, B,0, 

73 15 5 5 2 

Losses of weight, 0*9 mg., 0*7 mg. 
Hie surface was aBchanged. 

7. Jkna Glass 15"'. 

SiO, Na^O Kp CaO Al^O, ZnO 

67 8 9 7 2 7 

Losses of weight, 09 mg., 0'06 mg. 

8. Jkna Glass 13'». 

SiOj KjO ZnO BjO^ 

58 15 20 7 

Losses of weight, 1*6 mg., 0'24 mg. 

These researches, as Schott points out, show clearly the 
superiority of soda to potash glasses. 

If a laboratoiy utensil of common glass, that has seen much 
service involving long-continued contact with water, is brought 
into the gas-flame, its surface often becomes marked with fine 
scratches. Easily fused glasses containing potash and little or no 
lime, are capable of taking in so much water, even from the air, 



CHEMICAL BEHAVIOUH OP GLASS SURFACES. 



387 



t their surface, on heating, becomes full of scratches, as may 
9 often seen in lamp chimneys that have lain for a long time 
unused. 

Three Jena potash glasses, numbers 547, 564, 563, containing 
percentages 33, 35, 42 of potash, were found, after lying by for 
many weeks, to have taken in from the air so much water that, 
on heating, they showed extensive splintering. After lying by 
sdll longer, they were covered with a wrinkled skin, which could 
be scraped off with a knife. After some years, this skin, in the 
case of No. 563, had contiuually increased in thickness, and gradu- 
ally came away from the sound glass beneath it, though it gave 
the impreseion of being solid. The detached coating, so far as 
it was not decomposed externally by carbonic acid, preserved 
its amorphous character perfectly. With protracted heating 
at from 200° to 300°, it swelled up and acquired a pumice-like 
structure. 

Two glasses with large content of soda, namely No. 232. 
containing 45 SiOj, 20 Na,0. 35 BaO,; and No. 107, a soda 
silicate glass, showed as little power of holding together as the 
glasses with potash in their composition. They became covered 
with a crystalline crust which was ejisily detached from the glassy 
core. Heating produced no change Id the surface. 

Similar observations have been naade in many quarters, and 
have been collected by Foerster.' They relate to cases in which 
considerable quantities of water were taken up by glasses. 
Accordiug to Foerster,* water ts always taken up where glass is 
acted on either by liquid water or by steam. The water enters 
into chemical combination with the glass, forming hydrated 
products. 

According to this view, the action of water on glass is not a 
true process of solution, in which there is direct transition from 
the undissolved to the dissolved state ; but rather a process of 
sonkage, in which the passage, from the original solid substance, to 
the final dissolved products, is effected through a series of inter- 
mod iitle transformations. In water-glass, and other glasses 
oontaiDiug very little lime, this process of soakage is especially 
ipicuous. 
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184. Investigation d the Behaviour of Teet-eampleii of 
Potash and Soda Glaseea^ In order to complete Scbotfc's 
observations described in the preceding article, MyUus and 
Foerster^arried out a comparative investigation of the action of 
water on test-samples, of systematic composition. Their memoir 
bq^s with an account of observations on water-glasses, from 
which we extract the following particulars. 

The great affinity of potash water-glass for water reveals 
itself, under suitable conditions, by distinct generation of .heat 
Fifly grammes of pulverized potash water-glass, of composition 
K^O . 3 SiOj, were well mixed with enough water to form a thick 
ptdp, which was left to itself at. the temperature 18^ In a 
quarter of an hour it had risen to 32'', and it remained at about 
this temperature for a long time. When the same glass, mixed 
with a little water, was warmed by means of a water bath of 
temperature SS"", the mixture rose in a few minutes to 80° ; and 
in about ten minutes the pulp had solidified into a homogeneous 
mass.' 

To this property of potash water-glass Mylius and Foerster 
attribute its setting, like hydraulic cement, under water. The 
pulp formed by the swelling-up which occurs when it takes in 
water, cements together the as yet unhydrated particles of the 
powder. In a day or two it becomes a glassy mass, of the 
hardness of stone, containing up to 50 per cent, of water. When 
heated, it gives out this water with violent tumescence ; ami 
at a red heat it acquires the character of pumice. 

Soda soluble-glass combines with cold water much more 
slowly. When reduced to powder, and kept under water, it takes 
two or three months to harden. 

The Meltings for Producing the Test Specimens were carried 
out in a Seger gas furnace. The melting pots were made from 
a fireclay compounded by Heinecke. The glass took up less 
than 1 per cent, of alumina from them, and this impurity (the 
same for all) was neglected. The amount of a melting did not 
exceed 500 gm. Those of the glasses thus obtained which were 
included in the investigation, had the molecular compositions 
shown in the following list; the 6 molecules of SiO^ being 
common to all. 

^M. u. F., I. and n. ''M. a. F., I. 109& 
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6 SiO^ 



L 


2 K,0 


II. 


2 NbjO 


III. 


1 1 K,0, } C«0 


IV. 


If Na,0, i CaO 


L ^■ 


I J K,0. } CrO 


VI. 


IJ Na,0, J CO 


1 VII. 


1 1 K,0, } CaO 


VIII. 


1 i Nb,0, J CaO 


r IX. 


1 K,0, 1 CaO 


X. 


1 Sa,0, 1 CaO 



Tta» givea as their percentage compositioos : 



I. 

n. 

III. 
IV. 



34;J 



VI. 

VII. 

VIIl, 

IX. 

X. 



75-3 



130 



1 1-0 

n-7 



The 1 Bpeciniene, in the form of conree gntins, were subjected 
to the uctioii of hut water, the investigation being conducted on 
tlie same plan as Mylius' experiments, which we have described 
in Art. 131. The quantity operated nn in oacL experiment w«b 
774 cc, this l>eiiig the volume of 20 gm. of normal thermometer 
gla/ia. To keep down the error arising from variations in the 
total area of glass-surface in contact with the water, care was 
takiO), hy repeated siftinga, to eusure that then- should be 
approximatfly the same number of gnius to the cubic 
ctmlinii'trv in all cases. The actual numbers rangod from 
7300 to 7024 per c.c 

The resnltB are given by Myliiis and Foerster lu a table, from 
which we reproduce an extract. The lirst column contains the 
distinctive numbers of the glasses ; the second, the number of 
mo)ircnIe« of alkali to one molecule of silicic acid in the com- 
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position of the glass; the third, the quantity operated on, in 
grammes. The next three columns give the quantities of silicic 
acid, potash, and soda, found in the solution; and the last two 
columns are derived from these three by calculation; one of 
them giving the amount of oxygen contained in the dissolved 
alkali, and the other the number of molecules of alkali to one 
molecule of silicic acid in the solution ; the volume of the solution 
being in each case 6 cc. The number of milligram equivalents 
of alkali in the solution can be found by dividing the numbers in 
the last column but one by 16. 



^ 


To 
1 SiO,. 


Qiumtity. 
gm. 


In 60 a 0. of tolntioii. 


1 


SiO,. 

mg. 


mg. 


Ka.0. 
mg. 


mg. 


To 
1 SiO,. 


L 


0-33 K,0 


18-824 


4246-8 


2877-2 


__ 


404-6 


0-36 K,0 


IL 


0-33 Nii,0 


18-979 


2144-7 


— 


842-4 


217-8 


0-38 N«,0 


m. 


0-29 K,0 


18-948 


2997-6 


1675-8 


— 


286-24 


0-36 K|0 


IV. 


0-29 Na^ 


18-979 


308-9 


— 


202-8 


62-33 


0-64 Na,0 


V. 


0^ K,0 


19-002 


65-1 


158-4 


— 


26-92 


1-56 KfO 


VI. 


0-25 Na.,0 


19118 


8-1 




34-3 


8-86 


4-1 Nt^n 


VII. 


0-21 KaO 


19-072 


5-4 


26-69 


— 


4-54 


315 K,0 


VIIL 


0-21 NaaO 


19-257 


5-9 


— 


11-5 


2-97 


1-9 Na,0 


IX. 


017 KjO 


19-125 


3-5 


5-99 


— 


1-02 


1-1 KjO 


X. 


017 NaaO 


19-381 


3-2 


-^ 


419 


1-08 


1-27 Na,0 



The two water-glasses had only been so far dissolved as is 
shown in the table. After cooling, the powdered water-glass 
was found to have become a coherent amorphous mass, which, 
in the case of the potash glass, appeared homogeneous, but> 
in the case of the soda glass, full of grains. Of the other 
glasses, the only one that exhibited this coherence was 
No. III. ; all the others retained the condition of completely 
separated grains. 

The table shows, as was to be expected, that the solubility of 
both potash and soda glass diminishes rapidly as the content of 
lime increases. In the comparison of the potash with the soda 
glasses, the most prominent fact is the superior resisting power of 
the soda glasses. The superiority however diminishes as the 
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content of lime increases. The following are the total amounts 
nt dissolved matter, including both silicic acid and alkali : 



Content of 


Muolved matter in 


mg. 


Ume. 


Sod> GUu. 


Potash OlosB. 


Ratio. 


i Molecule 


9«-7 


4673 


1 :9-2 


i .. 


42-4 


223-5 


1 :5-3 




17-4 


321 


1 :I8 


1 ., 


7-4 


9-.i 


1 :l-3 



The following is a list of the amounts of oxygen in the dissolved 
alkaliB, or of 16 times the number of milligram-molecules of 
ftlkati dissolved : 



Content of 


Alk&li-oxjgen In mg. 


Lime. 


Soda G[b«. 


PotMhGLua. 


Ratio. 


JMoleonle 

1 

I .. 


S2-33 

3-ao 

2-97 

1-0 


285-2 
36-fl 
4 54 


I :6'6 
1 :3-3 
1 : 1-5 
1 : l-c) 



Lastly, the ratio of alkali to silicic acid in the solution is worthy 
of attention. The solution contains, in every case, relatively more 
alkali than the glass. In our table of direct results, the second 
column gives the ratio of alkali to silicic acid in the glass, aud 
the last column gives the corresponding ratio in the solution, 
which is in every ctue greater than in the glass. The ratio of 
the numbers in the two columns is exhibited in the following 



Content of 
Ume. 


SodaGiaaa. 


Potash Ulau. 


None 


1 -. I 14 


1: l-OS 


i Holecnie 


1: 219 




1-J3 


i 


1 : 16-4 




8-34 


9 


1: 912 




iai2 


I .. 


1: 7-W 




6-« 



338 



JENA GiiA8& 



In the caae of each of the two kinds of glasfiy there is a 
certain content of lime which gives a tnaxinniTn of inequality 
to the ratio, and this proportion of lime is larger for potash 
than for soda glass. MjUos and Foerster anive at the con- 
clusion that, in good glasses, double silicates of lime and 
alkali, in mutual connection, promote resisting power against 
water. 

185. Comparison of Commercial Olaiies.^ The method of 
testing described in the preceding article has been applied, in 
altered form, by Mylius and Foerster, to 11 difTerent commercial 
glasses. The following table gives, in weights per cent, those 
components which are important for our purpose: 



No. 


Description. 


SiO,. 


Na^. 


K^. 


(kO. 


PbO. 


1 


Yellow alkaline glaae • 


60-49 


16*41 


13-26 


6*42 


_ 


2 


Inferior Thnringian • 


SO-92 


16*6 


6*6 


3*76 


— 


3 


61m8 of Tittel ft Ck>. • 


71-5 


14*3 


71 


6*7 


— 


4 


Schilling's flask glass - 


75-2 


11-9 


4*2 


8*3 


— 


5 


Kayalier Bohemian 


78-8 


1*4 


13*8 


6*8 


— 


6 


Rhenish window-glass 


71-2 


13-5 


— 


13*4 


— 


7 


Lead crystal ; Ehrenfeld 


66 


0-6 


121 


— 


31*2 


8 


Green flask ; Charlottenb. - 


63-5 


9-5 


1-3 


14-0 


— 


9 


Jena thermometer 16"^ 


67-5 


14-0 




7-0 


— 


10 


Jena lead glass 483 • 


44-76 


0-2 


7-3 




47-0 


11 


Lead silicate 


21-7 


— 


-— 




78-3 



No. 1 contained 0*22 per cent, of sulphur, and was coloured 
yellow by sulphur-alkali. No. 8 contained 3*9 per cent of • 
magnesia. The normal-thermometer glass contains zinc oxide 
7 per cent., and boric acid 2 per cent. 

The results are given in the following resum^, which is an 
extract from Mylius and Foerster's table.* They are arranged in 
the same form as the direct results given in last article, except 
that one column is omitted. The numbers in the last column 
now include, of course, both alkalis, when both are present in 
the glass. The glasses are arranged in the order of their total 
losses by the five hours' immersion in hot water. 



>M. u. F., I. andn. 



«M. U.F., I. 1107. 











In m c,c 


of eolu^on. 




iNo. 


Qautitr 


810, 


K,0 


N-.0 


Oiygen ID Alk. 


Uolec Alk. 




gm. 


mg. 


mg. 


mg. 


mg. 




1 


1D'4C1 


M-7 


69-0 


98-5 


35-6 


1-5 


S 


IB-IS& 


U-3 


181 


59-0 


18-4 


4 '8 


a 


193IM 


B9 


O'B 


U* 


4-8 


2 '7 


4 


19-079 


fi3 


1-7 


4-8 


I'R 


11 


S 


1S«8 


6-5 


fl3 


— 


0'8 


0-6 


6 


18 983 


4-3 


_ 


4-« 


\-2 


l-il 


7 


•2i64S 


l'» 


7'U 


— 


1-2 


•2-3 


H 


20182 


3-2 


— 


2-7 


0-: 


[.■9 


e 


aOiHK) 


27 


— 


3~i 


O'S 


1-2 


10 


27 BM 


IS 


1'8 


— 


0-3 


— 


11 


4fl-tei 


0-6 


- 


- 


- 


- 



In colli war«r, the removal of soluble matters from the glasses 
is ft very slow process, aud is found — by the iod-eosin colour teat' 
— to give a somewhat different order of arrangement from the 
above. For example, Kavalier's Bohemian glass is less aQ'ected 
iJian norinat-thermometer glass, although much more affected 
hy hot water. Mylius and Foerster's expianniion is, that the 
time and zinc oxide in the thermometer glass bind the soda, 
while in the Tkihemian gloss the quantity of lime Js not 
saflicieut to do this. They allude to the fact that water-glass 
is at first almost unaffected by cold water, but offers little 
recdfiUDce to hot 

The 6rst action of cold water on glass consists mainly in the 

-lemovol of alkali The alkaline solution thus formed takes up 

d with increasing rapidity, and the more so the higher the 

ralure is. Mylius and Foerster infer that the susoeplibilily 

f glasses to attack by cold water can be approximately estimated 

f Ibe number of milligram-equivalents of alkalis removed by hot 

it, or by the amount of oxygen contained in the alkalis iu the 

This gives, for the above 11 glasses, the order I, 2, 3, 

, 7. 9. 5. 8. 10, 11. 

lie laac column in the table of resnlts shows that, in nearly 
n, the solution contains more molecules of alkali than of 
cic acid. 
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Besides silicio itcid, potash, and soda, the solution also contaiaed 
lime, and zinc or lead, bat only ia traces too small to admit of a.o 
efltimat& The lime certsinly goes into solution as hydrate ; and 
in like manner botyta glasses give baryta hydrate. 

136. QaontitatiTO AnalTsis of the Material Dissolved from 
Olau by 0<dd Water. The drst quantitative dctcrminatioa of 
the sabetancea taken out of glass by cold water seems to have 
been made by F. Kohlranscb.^ It applied to two glasses — a 
ohenucal glass rich in alkali, and a Bohemian glass rich in silica 
The following are their compositions in equivalents per cent.: 
tjie molecular weights of the glass-fonning ozideB being reckoned 
aa their equivalents : 

SiO,. Nft,0. KjO. CaO. A1,0,. 
Chemical glass, 72 20*3 1-3 4*0 2-1 

SiO,. Alkali. GaO. 
Bohemian glass, - - - 82 10-3 7*9 

The ratio of potash to aoda in the Bohemian glass was S'3 to 1; 
but an exact separation of the two metals in the solution formed 
from it was impracticable. In the calculation of the analysia 
they were assumed to have the same ratio as in the glass. 

Nine gm. of the chemical glass, reduced to powder, were treated 
with 250 gm. of water ; and 220 gm. of the clear solution whidi 
was poured off gave 124 mg. of dry material The solution 
therefore contained 560 mg. per litra 

The analysis was effected with the aid of hydrochloric add, 
ammonia, ammonium oxalate, silver nitrate, and platino-hydio- 
«hloric acid ; and gave, in equivalents per cent : 

SiOj. NajO. KjO. CaO. A1,0,. 
Chemical glass, 40 57 08 0-2 2-0 

Thus, for one molecule of silicic acid, the glass contained 0'3 
molecule of alkali, and the solution 1'44. 

E^ht gm. of the Bohemian glass, in the state of powder, wen 
left for six weeks in contact with 200 gm. of water at 8°. The 
■solution, after two filterings, contained 61*5 mg. of dry material 

'K.,IIL 
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143 C.C., which is at the rate of 430 mg. per litre. 
ijsas gave, in equivalente per cent. : 

MiOj. Alkali. CaO. 

Bohemian RlasB, 76 18 6 

one molecule of silicic acid, the glass contained 0'13 molecule 
Jkali, and the solution 0'24. 

't ia also to be noted that sensible quantities of alumina from 
■Stemical glass, and of lime from the Bohemian glass, went 
^mnlion. 

:37. TttratioD and Colour Tests with lod-eosin and Ether.* 

the dissolving of alkalis plays a leading piirt in Che decom- 
ilion of glass by water, Myhus and Foerster proposed thai the 
^ptibilily of glass to the action of water should be determined 
measuring the quantity of alkah in the solution. This pro- 
il led to a search for sensitive mothoda of mensuriug small 
Qtities of alkali; and by the employment of iod-eosin (which 
, previously been used by Mylius in comparative teste), two 
;able methods were worked out^ 

ntration, with Millinormal Solutions. In the determination 
fairly large quantities of alkali by normal or decinomial 
itions, there is no reason for departing from the regular 
dice. Determinations with centi normal solutions can also 
carried out with some degree of certainty in the ordinary way ; 

this is about the limit. 
With the help of iod-eoslu and ether, determinations can how- 
T be made with millinormal solutions of sulphuric acid, and 
b increased sharpness. In preparing these solutions, great 
intioD must be paid to the necessity of employing pure (or at 
It neutralised) water, aa the alkaline impurities communicated 
distilled water by the glass vessels in which it has been kept, 
1 produce disturbance. Millinormal solutions may be kept for 
le time in vessels of tpod glass. 

rbe alkaline solution to be tested is put into a stoppered 
tie, and covered with a layer of very dilute eosin solution. 

U ^uanliliea of the acid solution are then added, with vigorous 
, until the watery layer, which was originally red, just 

>M. iiiKlF.,ni. ud IV. 
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loses its colour. Each cc. of acid solution corresponds to *031 
mg. of soda (NagO) or -047 rag. of potash (K^O). 

Measurement of Alkali by Oolonr Test. This method of 
titration sufiBces for detecting and measuring in 100 cc of water 
a quantity of alkali equivalent to 0*1 mg. of soda (NajO). For 
smaller quantities of alkali than this, the process is not applicable, 
and the following colour test is to be preferred. 

If a very dilute aqueous solution of alkali is shaken up with 
an etheric solution of eosin, containing an excess of iod-eosin 
above what is necessary for neutralising the alkaline solution, 
eosin-alkali is formed, and the mixture acquires a rose colour, of 
intensity proportional to the quantity of alkali remaining 
unneutralised. In determining the amount of alkali by this colour 
test, certain precautions are to be observed, for which, as well as 
for a full account of the titration method, we must refer to 
M. u. F., III. lod-eosin is afifected by soda, potash, lime, and 
any other alkaline components of the glass that may be given off 
to the water. The result depends merely on the total number of 
equivalents of alkali, without regard to kind, and is usually stated 
in terms of the quantity of soda that would be equivalent to all 
the alkali given off. 

138. Earliest Employment of the Quantitive Test by lod- 
eosin.^ In working out the methods of testing briefly described 
in last article, Mylius and Foerster had immediately in view the 
selection of the best glasses for chemical uses from among the 
various kinds in the German market. For this purpose, flasks 
and bottles by the most eminent makers were obtained from the 
authorities at the Eeichsanstalt, who were asked to furnish the 
best kinds available, and to state their origin. The capacities of 
the vessels were from 250 cc. to 300 e.c. The flasks were 
spherical, and the bottles cylindrical, so that the wetted areas 
could be determined with close approximation. 

Preliminary Trials. To find out the best way of testing, the 
following preliminary experiments were made, upon the action of 
water on glass surfaces under various external conditions. 

A. The flasks and bottles were freed from adherent products of 
weathering by repeated rinsing with water,^ and then left for 

^M. u. F., IV. 315. 

^ Here, and in what foUows, neutral water is to be understood. 
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hours in contact with water at 20". The alkalituty of the 
ter waa then cletenuined, either by titration or by colour 
iiuation. The numerical values in the table below denote the 
antity of alkali given off from each square decimeter of glass 
■face to the water, expressed in thousandths of a milligram of 
i above explained. 



No. 


Flwki. 


Alkali, 


,. 


Kflhler t Mirtini, - - - . 


5 


2. 


Sohweig ft Co.. WeiMW«««r, 




10 


3. 


Kavklier, Siubv&, Bohnnia. 




12 


4. 


BolieiniiD Holtowglnss. 




14 


B. 


Fettke ft Ziegler, Doebero, - 




25 


e. 


Leybold* Naalit., Cologne, - 




53 


7. 






Mi 


8. 


W«rabmnB, QnOiW t Co.. 




6« 


9. 


Schilling. Oehlborg. • ■ 




83 


lU. 


TriUchler ft Co., StDttgub, 




309 


n. 


LamUob, BBvarian Forert, - 


435 



No. 




AIluU. 


I. 




23 


II. 


^VM■mbnlDn, Quiliti * Co.. 


30 


IIL 


Fettke ft Ziegler. Doehern. . 


1 31 


IV. 


ScbiUing. Oehlberg. - - . 


m 


V. 


Kahlcr ft Martini, - - 


1 ^* 


VI. 




189 


VU. 




1 801 


VIIL 




339 


IX. 


Leybolda Nu^faf., Cologne, - 


.« 



Tbe initial intensity of action, as measured by these numbers, 
Mnds entirely on the weathering and other changes which the 
face may have previously undergone. 

A The bottles were subjected on the second, third, and 
Xth day to the same treatment its on the first. They were then 
r a week at a time, for three weeks in succession, and the 
I uuoaut of alkali taken up per day was deduced. The 
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following were the daily amounts thus found (in the same units 
as above). 



Bottle. 


l8t day. 


2nd day. 


4th day. 


5th to 
11th. 

Mean. 


12th to 
18th. 

Mean. 


19th to 
25th. 

Mean. 


I. 


23 


2-9 


3-0 


20 


0-66 


..i. 


11. 


30 


6-7 


4-6 


1-5 


0-8 


0-^ 


III. 


31 


6-8 


4-4 


2*6 


1-4 


0-5 


IV. 


42 


16 


11 


8-0 


5-2 


2-8 


V. 


76 


28 


21 


15 


10-9 


5-3 


VL 


189 


53 


16 


9 


6-2 


31 


VII. 


202 


65 


20 


11 


8-8 


4%'> 


vm. 


340 


101 


16 


9 


6-9 


3-9 


IX. 


499 


111 


53 


28 


22-7 


12-6 



A glance at this table shows that the amount of alkali given to 
the water on the first day is much greater than on the following 
days ; and the order of the glasses, as regards amount of action, 
does not remain the same throughout the triaL 

It is not necessary to suppose that the outermost layer of the 
surface is specially rich in alkali. The water has direct access to 
the first layer, but cannot attack the others without getting 
through a very impermeable shield of silica and silicate of lime. 

C. Bottles of the same origin as the above were then left for 
an hour, with water at 80"" in them, and then quickly cooled. 
This was done several times in succession, the water being 
renewed each time, and the alkali in the previous filling 
measured. We do not reproduce the results, as they were 
unsatisfactory. 

Another trial on the same lines was then made with three 
flasks, of glasses differing very widely from one another; and 
special attention was paid to the maintenance of one uniform 
temperature. The following were the results thus obtained : 



Flask. 


Ist. 


2nd. 
4-4 


3rd. 


4th. 


5th. 


6th. 


7th. 
3-8 


8th. 


9th. i lOth. 


2 


23 


4-4 


4-4 


4-2 


4-4 


2-9 


3-8 3-8 


6 


137 


52 


31 


25 


19 


18 


17 


15 


16 16 


9 


360 


129 


94 


76 


69 


60 


55 


54 


52 

1 
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nrhe quantity of alkali diaeolved in the first hour is here greatet 
than in 24 hours with cold water. The rate of dissolving attains 
its permanent value earlier with good glass than with bad. 

D. From the above experiments it would appear that glass 
buttles tend to improve with continued use. Specially good 
glasses, after some time, cease to give off alkali to any 
appreciable extent ; but glasses of moderate quality will con- 
iiDue to render distilled water alkaline even after the lapse 
of years. 

Warbnrg and Ihmori have accordingly su^ested that glass 
vessels should be kept full of boiling water for long periods, in 
order to improve them by the removal of alkali from their 
surfacea ; and trials have been made to ascertain how far this 
mode of improvement is practicable. The upshot of the trials 
was, that in glasses of poor quality, intended for holding cold 
water, a preliminary treatment with hot water is very beneficial. 
The absorption of alkali will not however be thus altogether 
stopped. Even 100 hours of contact with boiling water will not 
sufBce to prevent a bad glass from being decomposed by cold 
water. 

E. When glass has been strongly attacked by hot water, as 
in the experiments above recorded, the contrast between good 
and bad glass becomes much less marked. This is shown by 
further experiments which were made on the three tlasks above 
mentiuiieil. After their 10 hours of exposure to water at 80'. as 
described in O, they were continuously subjected for 6 hours, in 
a batli of boiling water, to the action of pure water obtained by 
distillation in an apparatus of platinum. Under this treatment, 
the amounts of alkali which they gave up to the water from 
each sq, decim. of wetteil surface, were (in mg. of NajO), 0-89 
fifom No. 2, 1-51 from No. 6, 250 from No. 9. 

These are afl 1 : 1-8 : 28, 

whereas for the first hour (see table in C) the quantities were as 

1:6: 15-7. 

and for the ninth hour as 1 : 42 : \'i1. 

The total quantities of matter dissolved in the six-hour 
experiment were determined, by evaporating the solutions ; and 
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were not excessively different for the three flasks, the extreme 
values being about four and about six mg. per sq. decim. 

F, In order to obtain trustworthy comparisons of the suscepti- 
bilities of different glasses to attack by water, great care must be 
taken to ensure constancy of temperatura Mylius and Foerster 
illustrated this point by operating in identical fashion on four 
equal flasks (by Greiner & Co.) with water at 0^ 18®, 40*" and 
80° respectively. The amounts of alkali dissolved, expressed in 
thousandths of a milligram of soda per sq. decim., were : 

In 24 hours, at 0^ - - - 1-9 

„ „ 18 . . - 6-4 

In 1 hour, 42 - - - 9*1 

80 - - - 153 



» » 



Practical Testing of Olass Vessels. The complete testing of 
a specimen of glass, as regards its behaviour towardswater, is a 
complex business, as the above investigations show. The practical 
requirements for a ready and sensitive method of determining the 
relative merits of glass vessels from different sources, are fairly 
satisfied by exposing the vessels (as yet unused) to the action of 
water, and comparing the quantities of alkali dissolved. Any 
disproportion which may exist between the silica and alkali 
dissolved is left out of account. On these lines, Mylius and 
Foerster have carried out the following comparisons. 

The vessels were first exposed for three days to the contact of 
water at 20'', and the solution thus obtained (which of course 
included products of weathering) was put aside. The vessels were 
then exposed for another three days to contact with a fresh 
supply of pure water ; and these second solutions were tested by 
iod-eosin and ether, for the quantities of alkali which they 
contained. The quantity of alkali per unit of wetted surface, 
was taken as the measure of susceptibility to attack by cold 
water. 

The following results were obtained by carrying out this 
programme, except that, during the preliminary three days' 
exposure, the water was changed on the second day. Also, 
at the conclusion of the test with cold water, which occupied 
the second three days, a one-hour test was made with hot water 
at 80" : 
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Glui. 




20* 


8ir 


Kohler h. Murtini, 


FUiks 


1-0 


87 


Sohwaig&Co.. - 




1-5 


8-9 


Kavttlier, . . - - 




21 


8'9 


Fettke A Ziegler. 




37 


20 


HomBa-lhemcinBler 16"'. - 




4'0 


4.S 




BottlM 


in 


43 




Fluki 


7-2 


78 


Warmbrano. Quiliu * Co., 


Bottles 


8-9 


81 


Fettke & Ziegler. 




7-6 


107 


Leybold»N»ehf., 


FUeka 


13 


170 


UmWh Work., 




13 


■JKt 


Wsrmbrunn, Quiliu S Co., 


1 .. 


17 


211 


BohemisQ glaw, - 




■21 


31)0 


SohUliog, - 


1 


■26 


■270 


Sohilling, 


j Bottlra 


21 


341 


Stender, 


,, 


41 


279 






41 


■il& 


Schweppnitz Worki, - 




.Vl 


331 


K^hler A Mutini, 


„ 


51 


103 


TritMhIepiCo.,- 


Fluki 


4U 


.-,58 


Leyboldi Nftobf.. 


Bottled 


lOU 


4?2 



Tlie uuit is toVo ^^ ^ milligram of soda per square decimetre. 

The numbers show that most of these glasses are fit for the 
ordinary work of chemical laboratories, but that only a few 
satisfy the more stringent requirements. 

Ohemical Composition of Six of the GlasaeB. Mylius and 
^oerster camo to the rouclusion that, of the (laska, the best are 
) of Kahier i Miirtini, of Schweig & Co., and of Kavalier; 

1 of the bottles those of Bohemian hollowglass. Of these they 
B the following analysis, together with those of tlaaks 6 and 9, 

picb, together with 2, were subjecteil to the experiments 



1 




810. 


N.rf) 


K^ 


C^ 


AI,0.+F«/), 


1. 


BKhler ft Martini, - 


75-4 


9-3 


4-4 


9-9 


1-0 


a 


SohirngACo., - 


78-8 


10-1 


3-fl 


7-2 


Q-3 


s. 


K«JiM, . - 


7B1 


6-4 


6-7 


7-6 


0-3 


* 




76a 


9-2 


5-S 


8-2 


O-B 


■p. 


UyboldiNkchf., - 


76-5 


10-4 


e'fl 


Sfl 


o-c 


L 


Sohaling. 


73-1 


13^4 


n3 


5'8 


■>-2 
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described in E, The values are percentages by weight The last 
glass contained also 0*2 per cent, of MnO. 

There is a general opinion among glassmakers that glass con- 
taining one molecule of alkali and one of lime for every six of SiO, is 
specially resisting against chemical attack. Mylius and Foerster 
give, as a test of the correctness of this view, the following values 
for the first four glasses in the above list, and also for the glass 
employed by Stas for the vessels used in his determinations of 
atomic weights. 





For every 6 molecules of SiOg. 




Kahl. 


Schweig 


Kav. Bohem. 


Stas. 


Mol. AlkaU 
Mol. CaO 


0-95 
0-85 


0*90 
0-60 


0-72 
0-67 


0-99 
0-69 


0-76 
0-86 



The percentage composition of the Stas glass is 77 SiO,, 5 NejO, 
7-7 KjO, 10-3 CaO. 

139. Later Bules for Times of Exposure. Later researches 
have shown that the preliminary three-day treatment with water 
at 20"" completely suffices to remove all products of weathering 
from the surface of the glass. They have shown, at the same 
time, that to obtain certain results, great care must be taken to 
preserve constancy of temperature ; and further, that to find the 
quantities of alkali given up by good glasses, the exposure to 
cold water (at 20°) must be extended to a week, and the treat- 
ment with hot water to three hours. 

Foerster (see F., V.) has followed these rules in obtaining further 
comparisons of some of the glasses indicated as best in his previous 
iod-eosin tests, with one another, and with some additional glasses. 

The total number of glasses was 1 4, and they had the following 
compositions. 

Glasses 1-11 were known to have great power of resisting attack. 

15 and 16 are commercial glasses easily attacked. 

17 is a good lead crystal glass. 

1, 2, 10 are Jena glasses, 1 being borosilicate, and 10 normal- 
thermometer glass. 

In addition to the components mentioned in the table. No. 1 had 
1 2 per cent. BoOg; No. 2 had 5 per cent. ZnO ; No. 1 had 7 per 
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cent. ZnO, and 2 per cent. BjOj ; No. 17 had 30 per cent. PbO. 
rbere were small quantities of MnO, which are left out of accoant 



No. 


SiO, 


N»,0 


K,0 


OiO 


AlA 


AlkaJi. 


i=m" 


71-9 


ll-O 


_ 




fi-0 


lO-H 


2= 16S"' 


74-4 


9-8 


_ 


7-0 


3fi 


10-0 


i 


75-fl 


7-6 


S-8 


I0-4 


«-3 


11-2 


4. 


76-6 


6-7 


fie 


fl-6 


0-tt 


11-0 





76'8 


6-4 


6-2 


10-0 


0-4 


10-4 





76-3 


S-3 


7 


8-1 


03 


127 


7 


781 


4-9 


11-8 


7-6 


0-5 


12-H 


8 


7;-6 


lOfl 


4-3 


7-8 


03 


12-8 


9 


77-2 


10-1 


4-6 


77 


tV4 


130 


10=1«>" 


67-5 


U-tl 


~ 


7-(t 


'IS 


U-0 


U 


70-8 


14 3 


0-li 


11-2 


2-fl 


14-6 


IG 


741 


9-0 


9-7 


8-8 


0-4 


15-4 


16 


68-9 


13-7 


67 


7-2 


3-2 


I8« 


17 


B7-3 


- 


12-7 


- 


- 


11-0 



The last column gives the numbeT of molecules of alkali to 
every 100 molecules of glass-forming oxides. 

The teats were applied to flasks made of the glasses, In the 
following summary uf results, the unit is, as before, the thousandth 
of a milligram of soda per sq. decini. The last column gives the 
ratio of the numbers in the two preceding columns : 





Alkkli Uken op. 




No. 




lUUo. 






8 dftim >t 20- 


3 hoaw »t 80' 




1b 59"! 


2-S 


27 


1-1 


Li-iw" 


2-1 


6-3 


3-0 


1* 


107 


28-4 


2-6B 


F 


S-fl 


28-2 


317 




13-1 


28-8 


2-OS 




14-0 


BO 


4-UO 




14-5 


4S 


3'l» 




14-9 


SO 


3-411 


y 


17-8 


06 


3-72 


■»- IS"' 


16-6 


65 


3-91 


E 


37 


98 


8-«3 


m 


32 


217 


6-78 


B 


77 


664 


8-5 


E 


74 


360 


4'73 
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The two glasses at the head of the list show very much greater 
resisting power against both cold and hot water than any of the 
others. In the case of the 59"^ Foerster attributes this to the 
large content of acid oxides ; silicic and boric acid make up 84 
per cent, of its composition. 

The following conclusions (to the end of this article) are also 
drawn by Foerster. 

In glasses 3 to 9, and 11, all of them ranking as specimens of 
the best commercial glasses for chemical use, the number of mole- 
cules of alkali per 100 molecules of glass-forming oxides, is a 
material element in their resisting power against water. The 
current opinion among glass-makers that the ideal type of a glass 
of good resisting power is an approximation to 

n I 

EO . RjO . 6 SiOa 

is not supported by the comparison of 8 with 11; for 11 comes 
much nearer to this so-called normal formula than 8, and yet is 
much more attacked. 

The view insisted on by R Weber ^ some time ago as to the 
importance of a proper ratio of lime to alkali and silica finds little 
support till we come to the comparison of 11 with 15. 

Glasses 7 and 8 furnish a further illustration of the remark 
that in good glasses it is immaterial whether potash or soda 
predominates. 

A comparison of 8 with 9 seems to show that a trifling 
increase in the proportion of alkali may produce a large 
diminution of resisting power. 

The difference between the effects of hot and cold water varies 
considerably. In the inferior glasses it increases as we go from 
better glasses to worse. In the lead crystal it is rather small, 
owing perhaps to the presence of a layer of hydrated lead silicate, 
which hinders penetration. 

When resistance to cold water only is in question, as in the 
finest spirit-levels, one of the first 8 glasses should be employed. 

Attention is called to the announcement that, as a consequence 
of the stimulus furnished by the labours of the Keichsanstalt, 
vessels of the glass used by Stas are now commercially obtainable.- 

^Ann. d. Phys, u. Chem., 6. 431 (1879). 
'^Chem. Bepert. Suppl, z. Chem,, 16, 257. 
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H| 140. Testa with Water Above the Normal Boiling Point. 
^Tlie action of water heated under high pressure comes into cou- 
sideration, in the case of gauge tubes for steam boilers, and for 
some of the uses of the chemical laboratory. 

Researches specially directed to this subject were published by 
Foeisler iu 1892.' Glass tubes three-quarters filled with dis- 
tilled wutCT, the remainder being occupied by air, were sealed, and 
then immersed upright for six hours in boiling aniline (temp. 183°). 
Winn the glass came to be examined, the surface was fouud to be 
sharply divided into two parts at the line of demarcation between 
water and steam. 

The part exposed to the steam had become coated with an 
opaqae white layer of products of decomposition. This layer 
could be rubbed off. and, after drj-ing in air. readily gave off 
alkali and silica to cold water. 

The part which had been in contact with the water was 
C')V'ered willi a white floeky material, easily removed, portions of 
which had become detached and were swimming in the water. 
They consisted mainly of silica with a little lime. The quantity 
of alkali which had gone into solution v/na so considerable that, 
even in the case of the best tubes in use up to that date, it could 
lie measured by titration with a decinorraal solntioo. Consider- 
able quantities of silica were also dissolved. An aualysis, which 
was made in one case, showed that the water had soaked in, just 
aR was previously found with more moderate temperatures. 

Four glasses were heated for sis hours iu water at 18.3°, and 
I for dissolved nlknli by titration with decinormal solutions, 
f dilnCe iod-eosin being employed as indicator. The following 
luhs are given by Foerster as the means of several trials. The 
all is reduced as usual to its equivalent in soda, and expressed 
t mg. per sq. deciiu. : 

A- Ordinary gauge-lube s^&ss, - - 22"4 

B. Better quality, 137 

V. Kavaliers combustion-tube glass. - - 7'1 

I>. Jenn compound glass, - - ■ - I'l 

I The inner surface of the tubes of compound glass (see Art. 101), 

I the boroeilicate 59'", which, whether alone or as one of the 

« of u compound glass, is more proof against attack by super- 

' F.. t 24M-a«ff7. 
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heated water than the other glasses experimented on, one of 
which, C, had up to that time been regarded as the most resisting 
of all gauge-tube glasses. The borosilicate, when subjected to the 
test above described, was not corroded either by the water or by 
the steam, but remained — unlike all the other glasses — perfectly 
smooth and transparent 

Foerster subsequently^ carried out more elaborate and exact 
tests with ten glasses, which we designate 1, 4, 7, 9, 10, 11, 12, 
13, 14, 16. So far as these numbers agree with those in the 
preceding articles, they denote the same glasses. The following 
are their compositions, in weights per cent. : 



No. 


SiOj. 


Na^O. 


KgO. 


CaO. 


AlA- 
5-0 


Alkali. 


1=59'" 


71-9 


11-0 






10-8 


4 


76-6 


6-7 


6-6 


9-5 


0-6 


11-0 




751 


4-9 


11-8 


7-6 


0-5 


12-8 


9 


77-2 


101 


4-6 


7-7 


0-4 


13-0 


10=16>" 


67-5 


1413 


— 


7-0 


2-5 


14i) 


11 


70-6 


14-3 


0-6 


11-2 


2-9 


14*6 


12» 


78-9 


1-0 


14-0 


5-8 


0-2 


10-4 


13» 


73 


12-9 


1-8 


110 


1-3 


138 


14* 




— 




1 






1(5 


(58-9 


13-7 


(5-7 


7-2 


3-2 


18-6 



In addition to the components here specified, Xo. 1 contained 
BoOg, 12 per cent: No. 10, ZnO, 7 per cent, and BoOg, 2 per 
cent The composition of No. 14 is not stated. The content of 
MnO (which is given in F., V.) is neglected. 

The three numbers with asterisks belong to gauge-tube glasses 
in practical use, and the first two were described as specially 
good. The column headed " alkali " gives, as before, the number 
of molecules of alkali in every 100 molecules of glass- fonnin^ 
oxides. 

The following was the method of testing. Portions of tubes of 
the ditt'erent glasses were dried at 100', and weighed. They were 
then enclosed with water in carefully cleaned iron tubes, and 
heated for 4 hours at 190'. These tubes having been cooled 
down and opened, the alkali taken up by the water was determined 
in equivalents of soda, by titration with centinomial and deci- 



»F., V. 
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olutions ; and at the same time the bits of glaaa tube, having 
nd from loosely adhering products of decompositiou, were 
i 600''-550°, and then weighed to ascertain their losses, 
iosses are given in the second column of the following 
t mg. per sq. dec of gloss surface. In the case of glass 
1 agreement between single observations was not close 
to give a trustworthy mean. The quantities of alkali 
p by the water, expressed by their equivalents in soda, 
D in the fourth column. From these, the actual quanli- 
alkali given in the third column are calculated, on the 
lion that the ratio of potash to soda is the same in the 
, as in the original glass, the small quantity of dissolved 
bg neglected. These ({uantities of alkali, subtracted from 
Is in the second column, leave remainders representing the 
Qts of silica dissolved. The last column of the table gives 
imber of molecules of SiO, to one molecule of alkali, as cal- 
iKta these remainders. 


So. 


Lon in mg. p«r >q. dec. 


MolMnlN of 
8i(V 


ToUl. 


Alkftlit. 


Eqaiv. in N»^. 


4 

9 

11 
12» 

la* 

I4» 

i« 


237 

17-2 

&1'3 

67 

34 

63 
37 
87 
126 


:: 

10 '4 
10-4 
I1-4 
7-3 
16 -2 
8-3 

61 


3-fl 
4-6 

11-1 

14 7 
0-4 
7-3 

10-7 
8-3 

28 

62 


O-O 
3«S 
3-35 
3-57 
4 '42 


ttder of the glasses as determined by the amounts of 
Molved at 190" is different from the order at 20', and 
t order at 80 . Foerster maintains that the glasses which 
in lime and zinc, and approximate in their couipoaition 
•-called nonnal formula. 

IL I. 

no . 1{,0 . 6 SiO„. 
) moro resisting than glasses (foor in lime and rich iu 
lich approximate to the composition of water-glase. In 



348 JENA GLASS. 

correspondence with their greater solubility, glasses of the latter 
kind take in considerable quantities of water at ISO"", which 
produce flaking off when the glass is subsequently heated— a 
phenomenon not exhibited by glasses 4, 10, 11, 13, which are 
rich in lime and zinc. 

The quantities of silica taken up by the water at 190** are so 
large, in comparison with the dissolved alkali, that they cannot be 
left out of account in estimating the goodness of the tubes. 

Judged by the quantity of dissolved alkali, the borosilicate 
59"^ is the most resisting of all the glasses in the table. Judged 
by the quantity of dissolved silica, it is inferior to No. 4, and to no 
other. It has an advantage over all the other gauge-tube glasses 
in retaining its transparency when exposed to highly superheated 
water. Not till the temperature exceeds 250'' is its surface 
corroded by water or steam. Of the other glasses, those which are 
most strongly resisting, having a large content of lime, are specially 
subject to obscuration of surface, owing to a deposit of silicate of 
lime. It may also be mentioned that tubes of 59^" have remained 
in good preservation when they have been employed for containing 
neutral substances, with water at high temperatures. 

141. Weathering of Glass Surfaces. The durability of a 
glass in moist air depends mainly upon its resisting power 
against attack by water. Bunsen has shown ^ that dry carbonic 
acid exerts no action of any kind upon glass quite free from 
water. 

It must be assumed that hygroscopic glasses begin by taking 
water into chemical combination with their surface layer, whence 
arises the swelling up of the surface, observed by Foerster (Art 
133). As a result of this absorption of water, alkaline components 
of the glass are gradually set free, and these afford the first 
opportunity for the action of the carbonic acid of the air. 

Experiments on the susceptibility of glfiss to attack by cold water 
give accordingly a measure of its susceptibility to weathering.' 

The carbonic acid of the air combines with these alkalis from 
the glass to form the carbonates NaaCOg and KgCOg, which, on 
drying, are deposited in the form of crystals. They can easily be 
removed by rinsing with water. Mylius and Foerster have 
shown that the quantity of carbonate thus formed may be very 

' Ann, d. Phys. u, Chem,, 24. 321 (1886). 'F., XL 2919. 
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considerable.' The experiments which they made with eleven 
flasks do not, however, furnish a satisfactory basis for determining 
the susceptibilities of the glasses to weathering, us too little vrsts 
known respecting their previous history. 

142. Testing b; Electrical Oondnctivity of the SolDtion. 
A very simple and comparatively exact measure of the suscepti- 
bility of glass to attack by water is furnished by the electric 
conductivity of the solution formed by the attack. This lest 
was hisl systematically applied by F. Kohlrausch.- 

Oliservation of the conductivity of Che solution establishes, as a 
universal proposition, that glass does not, like the majority of 
very insoluble substaoces, pass over unchanged into the solution 
hut is gradually decomposed. Such bodies as gypsum, calcspar, 
Huorspar, heavyspar, and chloride of silver, when left in contact 
with water, give a solution which, if its temperature is kept 
constant, soon attains a permanent conductivity. With glasses, 
on ihf contrary, no limit to solubility is attained. In observations 
extending over weeks or months, the quantity of matter in 
solution continues to increase, though at a diminishing rate. 
The conductivity test aftbrda great facility for tracing the gradual 
progress of chemical action. 

The Kinds of Glass Tested. Eoblrausch's first compre- 
hen^sive examination included thirty-one kinds of glass. In 
addition to chemical bottle glasses procured by liimself, there 
were tube glasses, supplied to him by the lieichsanstalt, and ii 
collection of glasses, chiefly optical, from the Jena works. The 
chemical compositions of the Jena glasses were furnished by the 
senders. The compositions of the tube glasses were supplied by 
the Iteichsanstalt. Several of these glasses had already been 
tested, by iod-eosin or by direct analysis, for their behaviour 
to cold or hot water. The bottle glasses were analysed, some 
f tbem At the iteichsansbilt, and some at the Jena works. 
¥ntn these data. Kohlrausch calculated the following table of 
Btvalents per cent, for all the glasses, except Nos. 2 and 3, 
ich were not analysed. In making the calculations, he 
bloyed, as the molecular weights of the several glass-forming 
M, the numbers wluch stand at the head of the table, 
diatelj under the chemical symbols for these oxides. 

<I. u. r.. IV. 323. > IL, I. Md U. 
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Composition in Equivalents per cent. 



No. 


SiOj 


Na^O 


K,0 


CaO 


AlaO, 


MgO 


PbO 


ZnO 


MnO 


BaO 


AsA 


B/), 


PA 


60 


62 


94 


56 


102 


40 


223 


81 


70 


153 


196 


70 


w 


1 


67-6 


16-3 


3-52 


100 


2-29 






017 






^_ 


4 


77-0 


9-7 


3-64 


9-2 


0-44 


— 






>^ 


— 


— 


— 


— 


5 


721 


20-3 


1-31 


3-96 


211 


— 




— - 


0-26 


>^ 


—— 


— 


— 


6 


76-2 


4-85 


11-1 


2-99 


— 








0-09 






— 


— 


7 


69 


14-5 


— 


7-74 


1-52 


— 




6-35 


018 


• 


— 


1-77 


— 


8 


78 


5-66 


6-61 






— 


9-55 


— . 


0-06 


— 


0-08 


— 


— 


9 


50-9 


— . 


— . 


— 


— 


— 


490 


— 


0-01 




0-07 


— 


— 


10 


73-6 


51 


101 


9-62 




^— 


.^^ 


-— 


0-09 


<— 


0-06 


1-36 


— 


11 


76-2 


11-6 


2-75 


903 


0-40 








trace 


—^ 




— 


— 


12 


81-8 


1-41 


8-87 


7*61 


0-31 


— 




— 


— - 


— - 


— • 


— 


— 


13 


68-2 


13-9 


4-53 


10-9 


2-18 




.^_ 


— 


0-3 


— 


— 


— 


— 


14 


70-8 


8-23 


9-49 


7-97 


— 


— . 




2-36 


0-09 


.» 


0-10 


0-91 


— 


15 


731 


14-2 


4-63 


7-33 


0-24 


0-31 


.^— 


— 


018 


— 


— 


— 


— 


16 


68-8 


141 


4 


11-2 


1-7 




— . 




0-2 


— 


_ 


— 


— 


17 


70-6 


15-9 


3-9 


81 


11 






— - 


0-4 


^ 


— 


— 


— 


18 


721 


17-5 


3-9 


4-9 


1-3 




-^ 


— - 


0-3 






— 


— 


19 


65-6 


1-23 


6-47 




— 


—. 


1-03 


12-2 


0-06 


9-97 


on 


3-27 


— 


20 


67-3 


— 


3-58 


— 


— 




_- 


12-5 


016 


21-0 


013 


6-42 


— 


21 


71-4 


3-53 


7-78 




— 




-_ 


4-50 


0*05 


9-52 


007 


313 


— 


22 


71-6 


6-38 


8-40 


— 




— . 


— 


12-2 


0-03 


— 


0-07 


1-41 


— 


23 


74-8 


11-3 


7-11 


— 


0-75 


— 




— 


0-06 




0-06 


5-90 


— 


24 


74-9 


6-52 


10-9 


— 


— 


— 


— 


1-69 


010 


4-25 


014 


2-44 


— 


25 


61-7 




24-9 




— 






10-8 


0-07 


2-38 


Oil 


— 


— 


26 


65-4 


— 


4-68 






— 


29-7 




016 




Oil 


— 


— 


27 


71-2 


0-77 


8 08 


^—. 


— 


— 


19-7 


^ 


012 


— 


0-09 


— 


— 


28 


76-0 


1-93 


7-39 








14-4 




014 


— 


Oil 


— 


— 


29 


77 


0-80 


;io-6 


— 




012 


11-5 


— 








— 


— 


30 







14-8 


— 


11-3 


11-6 


— 


— 


•^—. 




0-72 


4-98 


56< 


31 


■ ■ 


412 






lOO 


" ■• 


6-87 


12-6 


■■ 


""■ 


015 


66-3 









The following descriptions are added : 

1. Thuringiaji bottle glass, medium qui^lity, Stiitzerbach. 

2. 1 

I Good bottle glass, origin unknown, old, has been long in 

f contact with water. 

5. Inferior bottle glass, origin unknown. 

6. Soft crown, Jena, No. 359. 

7. Jena normal-thermometer glass, 16'^'. 

8. Extra light flint, Jena 788. 

9. Densest flint, Jena S. 164. 

10. Crown (like English), Jena 283. 

11. Thuringian Glass A, from Gehlberg. 

12. Bohemian potash glass. 

13. Thuringian glass B, from Stiitzerbach. 

14. Crown (like Feil's), Jena 260. 

15. Thuringian glass C. 

16. Thuringian glass D from Stiitzerbach. 
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1 17. Inferior Thoringun E. 

I 18. Inferior Thuringiaji F. 

1 10. Zinc butium crown, Jena 463. 

I SO. Denaeat barium crown, Jcnn 63i. 

I 21. Buiutn orowD, Jena ■221. 

I 82. Ordinsry one crown, Jena 493. 

' 23. Bonwilicate arown, Jena 599. 

' ^. Crown (like Englieh), with bar}-tB, Jena HUI. 

£5. Potaah crown, Jen* 36S. 
I 26. Very deiue flint. Jens 3<J3. 
[ 27. Ordinsrj Bint, Jen& 824. 
I 2». Light flint Hike EnglUfal.Jenn U77- 

. LatA crista] gl&sa. 
[ 30. Light phoapbate crown, Jena, like U. 225. 

31. Borate Hint. Jeuit, tike K. 8. 

I CondnctiTities are always given by Kohlrausch for a 
I temperature of 18', The meaaiirement was made after 
lanner of that of a mercary-in-glass standard resistance, 
s-holder employed in nearly all the experiments held 
. of liquid, and, when 611ed with mercury at 0", gave a 
JBDce of 'OOOOISS Siemens unit, a value checked by frequent 
ItioDB. The relative conductivities of the solutions as com- 
I with mercury at 0° were determined ; and Kohlmusch uses 
Dibol k to denote 10"* times this relative conductivity. 
I purest water that can retidily he procured in lar^ quan- 
L bas on this scale about the conductivity k = 1. The water ^ 
f employed by Kohlrausch was kept, after distillation, for ft>l 
Memble time, in loosely covered flasks ; and its conductivi^ j 
jed from k= I to /■ = 2. In each case the vahie of k for the 
er was sublraeted from the observed value for the solution. 
tedaction Factor B. If a gla^s sohitiou has conductivity 
contains Hk milligrams of dissolved material per litre, 

i measure of the conducting effect per milligram of dissolved 

n-/ucior, and finds the 



Kohlnluach calls R ihe 


Tfducl 


valaes: 




Solution of 


e 


NaOH 


0-22 


KOH 


0-28 


■ Na,SiO, 


050 


■ K,SiO, 


0-64 
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The following determinations for eleven different glasses were 
obtained by evaporating their solutions : 



No. 




18 


25 


5 


1 


16 


Value of R - 


- 


0-4 


0-41 


0-48 


0-63 


0-7 


No. 


7 


13 


11 


4 


12 


31 


Value of B - 


0-73 


0-8 


0-9 


1-8 


2-2 


5-2 



The large values of R for glasses 4, 1 2, 3 1 indicate that they con- 
tain matters in solution which contribute little to the conductivitf ; 
Kohlrausch suspects silicic and boric acids. There is, however, 
another way of accounting for a large value of iZ in a very dilute 
solution, namely this: that while, in a neutral solution, the 
conductivity is approximately proportional to the strength, this 
is not the case in acid or alkaline solutions till the strength has 
attained a certain amount, below which the conductivity increases 
more slowly than the strength. 

Water in Bottles. Ordinary stoppered bottles of glasses 
1, 2, 3, 4, 5 were charged with pure water, and moved several 
times a day as long as the experiments lasted. The bottles of 
glass 1, being new, were first rinsed quickly with water. The 
following table shows the course of the observations. M denotes 









] 
k 


I 
3/ 


2 


3 


4 




16 


k 


k 


k 


M 


After 1 day 


U-48 










,, 5 days 


33 


10 


1-6 


0-09 




— 


— 




„ 10 „ 


54 


1-6 


2-7 


015 


— 


— 


— 


— 


„ 20 „ 




— 


5 


0-27 


0-8 


0-6 


0-20 


0-04 


„ 40 „ 










1-6 


0-7 




— 


80 „ 


120 


3-6 


12 


0-65 


4 


1-7 


0-49 


0-09 


,, 160 „ 


— 


24 


22 


1-2 
3-7 






— 




7 hours at 80" 


800 


69 


49 


2-7 




_ 


»" »» »» 


1250 


37 


100 


5-4 


93 


5-2 




— 



the number of milligrams of solid matter in solution per sq. decim. 
of glass surface. The figures show that the increase of strength 
of the solution followed different courses for different glasses. 
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Healing to 80° quickened tha process of solution very much 
in the caees of 5, 1, 2, hut comparatively little in the case 
of 3. In the case of 4, which was the best glass, the value 
of k after ten hours at 60" had only increased by about 015. 
At 90' U]e increase was 2, and in the neighbourhood of 100° 
wkb alxLiul 5. 

Thp tielter fflasses showed improved resistin;; power after 
treatment with hot water, and also after prolonged treatment 
with iiciil, 

Etcbed Sarfaces. Bottles of glasses 1 and 4 were etched with 
fluoric acid, aud then a-^ain tested for their behaviour with cold 
water. Their resisting power showed no material change. 

Powdered Ola&s. Kohlrausch also tested all the thirty-one 
glasses, rxeept 2, 3, and fi, in the form of powder. A piece 
of the glass was pounded in an agate mortar, and rubbed down 
UU there was no longer a gritty feeling under the pestle, and the 
powder began to cake. It was estimated, from microscopic obser- 
vatiuii, that the total surface furnished by a gramme of the powder 
wn« of ihH order of a square metre. 

In the ease of each of the glasses 1, 4, 5. 7, 11, 12, the 
powdi-r was put, with 100 times its weight of water, into a 
clused glass vessel, and frequently shaken up every day for a 
week. It was then allowed to settle, the liquid very carefully 
piitinHl uff, and a second quantity of water added equal to the 
first. At the end of another week, there was a second pouring 
off; which was succeeded in like manner by a third. The com- 
fmratively tritlins action of the vessel itself on the water waa 
known and allowed for. 

The tirst supply of water was found, after the first few minutes, 
to have already dissolved an appreciable quantity of material ; 
\>\H ihe rate of solution decreased rapidly, ami gencmliy most 
iBpidly in the moat resisting glusaes. The second supply began 
wiUi u slower mte of soluiion, which, as in the cuse of the first, 
diminished with increasing rapidity: and the action of the third 
■nipply shuwetl a similar relation to that of the second. 

The jKiwder and solution (at 17°) were contained, with a 

_ lliermometer, in a vessel with platinum electrodes; and the 

mreDionts for A' were made by Wheatstone's bridge with 

Multiplication by Ji gave the amount of material 

Obscrvaiioiia were nmh ufter the lapse of 2 unnutes. 




J 
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1 hour, 1 day, and 1 week, from the pouring in of each supply 
of water. 

Eohlrausch gives ^ a table, showing the total amount of matter 
dissolved off each glass, the progress of the dissolving during each 
week, and the ratios of the effects of the second ^d third 
waterings to that of the first. We subjoin a brief extract The 
first column contains the numbers of the six glasses ; the second 
the sum of the quantities (in mg. per litre) dissolved off the glass 
by the three waterings ; the third column the ratio of the effect 
of the third watering to that of the first ; the fourth colunm the 
sum of the conductivities k^, k^, k^ exhibited by the three solu- 
tions, each observed at the end of the week's action. 



No. 


mg./lit. 


III. : I. 


AJj + A^-f* ATg. 


7 


136 


015 


186 


11 


189 


015 


210 


4 


281 


Oil 


156 


1 


357 


0-21 


568 


12 


405 


0-25 


184 


5 


992 


0-40 


2070 



The other glass powders were somewhat dififerently treated: 
Previous to the three wettings for a week with 100 times their 
mass of water, they were wetted for two days with 20 times 
their mass of water, and thus gave more concentmted solutions. 
With the worst lime silicate glasses the strength of the solution 
in mg. per litre was 1200, and with the best 200. With the 
limeless glasses, the minimum was still lower, but the maximum 
reached 3000, and, in the case of the borate flint, 6000. With 
the densest lead silicates, the quantity dissolved was vanisliingly 
small. As, however, there was a slight increase of conductivit}' 
at first, followed by a decrease, Kohlrausch suspected that matter 
had first gone into solution, and then been separated ; a view 
which was confirmed by the appearance of a firmly adhering 
deposit on the walls of the vessel. 

As most of the solutions were not evaporated, it was not 
generally possible to make direct comparison of the dissolved 
amounts, but only of the conductivities. In the table which we 

^K., 11. 3567. 
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reprwdiice below, /.„ denotes the conductivity of the solution 
obtained in the first two days, with 20-fold mass of water, and K 
the sum of the conductivities of the three subsequent solutions, 
plun \ *„ (because 20 is i of 100). 

CorrecbioDs have been applied, for temperuture, and for the 
specific gravity of the glass. The small variations of temperature 
which occurred during the observations showed a surprisingly 
large inlluence. Kohlrausch estimates it at 10 per cent, increase 
of k for 1 ' of rise of temperature, and has corrected accordingly. 
Again, denoting by a the specific gravity of the glass, the observed 
value of K ia multiplied by the correcting factor .</2-5, so as to 
roduce to a standard specific gravity 25. This gives values of K 
relateii to equal volumes of glass. 

G]a«ae§ 1, 4, 5, 7, 11, 12 are also included in the table; the 
vbaerved values of A-, + A^j + A-j given for them above being in- 
creased by J^ ky to make up for the absence of the two days' 
preliminary welling. 

To throw further light on a very important quality of glasses 
— the ftersistence of their corrosion by water, the glass powders 
were exposed for half a year to the attack of wal«r, changed 
from four to six times during that period. They were then 
«xpo»ed for a week to the action of lOO times their mass 
of fresh water. The conductivity of the solution obtained by 
this last wetting is denoted by k , and given in the fourth 
column of the table. 

lu those coses in which the reduction factor R was known, the 
total quantity of matter that went into solution during the half- 
year wa.4 calculated ; and it is given io the last column, as a 
porcirntage of the mass of glass powder from which it was 
derived. 

The table is divided by horizontal lines into three compart- 
nnnUi, of which llie second contains the lead glasses, and the 
third the uon-silicious glasses. The order of arrangement in each 
«(Wi|mrlment ia according to the values of K. 

The table confirais the result, previously d«iuced from hot-water 
«xporim«ntB, that solubility is mainly determined by the gross 
coutant of alkali. Potash, however, appeared more conducive to 
•olnbility than soda. 

The order of the lead glasses 9 co 29 follows a very simple 
bw; the solubility increases with the conteut of alkali, with the 
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exception of 29. which stands out prouiinently by the laigent 
of its K; perhaps owing to its large content of potash. 

Boric acid in combination with silicic acid seems to che 
solubility. The borosilicate 23 is a well-marked instance. It 
composed almost entirely of silicic acid, boric acid, and alkali, a 
bu bnt slight solubility. The borate flint Xo. 31, on the otl: 
bftnd, shows an amazing amount of solubility. The phosphe 
Na 30 shows much the same behaviour as the silicate glasses. 



No. 


t. 


. 


*- 


Percent. 
DisBolred. 


le 


120 


00 


8 


_ 


» 


180 


HO 


10 


_ 


31 


210 


]»< 


15 


— 


IS 


270 


mt 


7 


— 


« 


_ 


170 


_ 


_ 


7 


370 


180 


10 


2-0 


10 


MO 


200 


80 


— 


3S 


490 


sao 


H 


_ 


U 


sao 


220 


7 


21 


12 


3S0 


2» 


7 


7 


18 


MO 


2S0 


40 


3'A 


14 


420 


320 


13 


~ 


15 


730 


420 


.'Ml 


— 


16 


600 


460 


20 


5 


84 


680 


570 


30 


_ 


1 


_ 


640 


_ 


_ 


17 


1200 


860 


ffll 


_ 


18 


2600 


22lXi 


21K. 


13 


5 


— 


2300 


— 


— 


26 


7000 


6800 


SIN) 


30 


9 


o 


1 





_ 


28 


40 


9 





_ 


27 


300 


100 




— 


23 


360 


ISO 


7 


— 


8 


350 


190 


a 


_ 


29 


800 


350 


30 


- 


30 


SOO 


320 


20 


_ 


31 


1000 


1000 


60 


5fl 



The solutions, with the exception of those derived from i 
phosphate glass, showed more or less alkaline reaction. 
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me behaviour of the crown glass No. 10 (called English crown, 
r made at Jena) is peculiar for the largeness of its k^ compared 
with its k-^ and JC. At first it ranks among the best glasses ; but 
nix mouths' washing improves it so little that at the end it is low 
on the list. 

Inflaence of Temperature. In the case of some of the 
powdered glasses, after they had been a long time in water, 
varislions were made in the temperature ; and it was found that 
the rat«s of dissolving at 



I 



17-2 23-6 

2-7 7-4 

I confo 



mity with earlier 



This large influence of temperature i 
observations by E. I'feifer. 

Kohlraush, after keeping a number of powdered glasses in cold 
water — (occasionally renewed) — for half a j'ear, warmed them up, 
in their last solutions, to 80", and maintained them at this 
leniperaUire for seven hours. He then compared the conductivity 
of the last solution with the siini of the conductivities of all 
the solutions obtained from the same glass during the preceding 
half-year. It amounted, on the average, to nearly half this sum ; 
the ratio varying greatly for diflferent glasses. 

Hygroscopic Behaviour of Powdered Olass. Eleven speci- 
mens -if glass in the form of very fine freshly ground powders 
were placed, in quantities of about 1 gm., on a small platinum 
, for two days, beside water, under a bell glass, and were then 
I weighed, to show the amounts of moisture they had acquired 

No. Ci&m per 



E. 


BK. 


■230 


506 


220 


198 


180 


131 


280 


184 


420 


— 


460 


.122 


,!40 


40:l 


8(jO 


_ 


2200 


880 


2:iOO 


1104 


6800 


2788 
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from the air. These gains of weight, expressed as percentages of 
the original weights, are given in the second column of the 
foregoing table. By way of comparison with these, the third 
column contains the values of K already given for the same 
glasses ; and the fourth column, in the case of those glasses for 
which the " reduction factor " R is known, contains the product 
RK, which represents quantity of matter dissolved. It will be 
seen that, with the exception of the Bohemian potash glass 12 
(which has 82 per cent, of silica), the order of arrangement is 
substantially the same for the fourth column as for the second. 
A fair estimate of the solubility of a glass in water can therefore 
be made, from its gain of weight, when exposed in the form of 
powder to moist air under the above conditions. 

Improvement of Surface by Long Contact with Water. 
One of the difficulties in the way of getting pure water is the in- 
fluence of the air in distillation. Kohlrausch has shown that the 
electric conductivity of water can be very largely diminished by 
distilling in vacuo. The apparatus which he employed (Fig. 28) 




Fio. JK. 

is of the nature of a water haininer. A glass globe 100 to 200 
cm. in diameter serves as the retort, and is connected by a 
T-shaped tube with a small vessel which serves as the receiver. 
This contains a pair of platinum electrodes for measuring the 
resistance of the distillate. By the use of a warm bath at 30' to 
45^ and a cold bath at 0" to —8', the requisite 6 to 8 c.c. of 
water can be distilled over, and its resistance measured. 

By distillation with this apparatus,^ under a pressure of about 
•01 mm. of mercury, Kohlrausch succeeded in obtaining water of 
so low a conductivity as h — "25.- 

^ Ann. d. Phys. u. Chem.y 44. 48 (1885). 

-This is relative to mercury at 0** taken as having jl=10^'' (see p. 351). 
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5>e veasel used in the experiment was then washed out with 
r for 10 years. At the end of that time, the surface of the 
glass had so much improved that Kohlmuach and Heydwiller 
{1894) were able to obtain water of much greater purity than 
before.^ 

The vessel was charged, on 5lh January 1894, with water of 
conductivity i-=0'75, and exhausted for IJ hours. The re- 
mniniRg air bubble was of the size of a pin's head : whence the 
pressure over the water was estimated at j j ' oa mm. The value 
of k had now fallen to about a quarter of its original amount. 
During the next two months. 45 diatillattons were performed, 
which gave continually impruviny water. The store of water in 
the globe, at the same time, as was to be exjiected, increased in 
conductivity, but only very slowly, showing that the long-continued 
washing hud rendered the surface of the glass very insoluble. 

An outline of the course of these experiments, which are very 
promising as regards the obtaining of uuusually pure water, is 
given in the following table. The first column indicates the 
order of succession of the distillations whose results are given. 



No. 


D.y. 


tin 


B«tort. 


Rmiver. 


I 
3 
7 


.0 
in 


017 
018 , 
0'33 


0-07S 

•oee 

■068 


18, U. )5 
30. H 


10 
22 
!» 


(I-4S 
OKI 


1M-2.1 
■0412 


27 


24 


087 


1MO0 


31 


31 


0-eo 


■040B 


3S 


3fl 


U«£ 


■0406 


W 


39 


0't£2 


■0104 


42 


DO 


116 


■0411; 



r about 20 distillations, the oonductivity had practically 
■tlained its limit, k = -Q-i : whereas distillation in air never gives 



B kind of glass with which this 



waa attained is not 
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143. Action of Dissolved Alkali on Olass. The mode of 
attack of glass by alkaline solutions under various conditions has 
been discussed in general terms by Foerster, mainly on the basis 
of his own observations.^ The following are his inferences. 

As the action of water on glass sets alkali free, no sharp line 
can be drawn between the action of water and that of dilute 
solutions of alkali. The alkali exti-acted by the water from the 
glass, as long as it remains close to the glass and only moderately 
diluted, strengthens the attack in two ways: first by producing 
swelling up of the surface; and secondly (especially at high 
temperatures) by dissolving silica. When the alkali has spread by 
diffusion to a distance from the glass surface, it is usually so much 
diluted that it is no longer in a position to strengthen the attack. 

Very dilute solutions of alkali — say millinormal — attack glass 
no more actively than pure water. If however the dilution is 
not so excessive, it strengthens the attack, and this effect 
increases somewhat rapidly with increasing concentration. 

In lime-alkali glasses, decomposition is effected by taking out 
alkali-silicate, while lime-silicate is left. Pure 1 per cent, soda 
lye at 100° dissolves so much from ordinary lime glass that the 
surface is dulled by the lime silicate which remains. Further 
concentration of the alkaline solution causes the lime silicate to 
be also atUicked. Soda lye of double normal strength dissolves 
lime-alkali glass as a whole. 

From this point onwards, further concentration produces, in no 
case, any material strengthening of the attack. The solubility of 
glass in lye of either soda or potash, shows a decided falling oft' 
at ordinary temperatures when the concentration is made very 
high, and at 100'' remains nearly constant. Highly concentrated 
solution of ammonia, whether at ordinary temperatures or at 100', 
attacks glass much less than a weaker solution. Hence, for good 
keeping of caustic alkalis in glass vessels, the solutions should be 
as strong as possible. 

As regards strength of attack on glass, the chief alkaline 
solutions take the order (from stronger to weaker) soda lye, 
potash lye, ammonia water, baryta water. 

Glasses do not as a rule differ nearly so much in susceptibility 
to attack by alkaline solutions as by water. The diflerences are 
usually in the same direction, for glasses of any one type. 

iF.,IV. 459. 
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The above general statements are largely bused upon nji 
investigation carried out by Foerster with four lime glasses.' 
These glasses, which- were repreaeutative of the kinds then chietly 
used conmi ere i ally, showed considerable uniformity of composition. 
Better materials for the comparison of difierent types of ylass 
were furnished by his later research.^ It deals with 15i out of 
the 14 glasses enumerated in Art. 139, and the numbers by 
which ihey are there designated are here retained. 

As the actions of differenl alkalis upon glass iire qualitatively 
alike, it was thought sufficient to make the tests with soda, 
which is the most active of them. Flasks of the 1 2 gltisses 
were charged with soda lye of double normal strength, free from 
silica, and were kept at 100° for three hours in u paralbn bath. 
Tlieir loss of weight under this treatment was observed, and is 
given in the second column of the subjoined table, in mg. per sq. 
decim. In the third column are reproduced, for comparison, the 
quantities of alkali dis.solved out of the same glasses in three 
hours by water at SO", expressed in thousandths of a ing. of soda 
per sq. decim.* 



I«ui)u lye I 



1 



673 



\ find here some marked exceptions to the similarity of 

bvionr towanls water and towards alkaline soluj'ions. Though, 

I majority of instances, the two sets of values 



"K.. V. ;tN4. 

■C lrlii<i)i miMiil)lei that eniployed bjr Sbu. anil is not iDoludod in 
Itwo ralncB are 37 uiil 27, accortting to fnfnrmfttion pven in F., II. 
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together, the borosilicate 1 = 59"', which is the most resisting of 
all against water, is the least resisting of all against soda lye. 
Foerster attributes this to its large content of boric add, and 
remarks that, even with decinormal soda lye, it lost 45 mg., as 
against 26 mg. lost by lime glass. The two zinc-containing 
glasses 2 = 165"' and 10 = 16"', especially the former, behave 
worse with soda lye than would be expected from their good 
behaviour to water. On the other hand, the soda glass 11, which 
contains alumina and a large amount of lime, is the best of all 
for resisting soda lye, though weak in resistance to water. 

It is only in dealing with glasses of one and the same type, 
that their relative resistances to alkaline solutions can be inferred, 
even roughly, from their resistances to waiter. 

144. Action of Acids on Olass. Earlier experiments on the 
action of acids upon glass having led to contradictory conclusions, 
Foerster took up the subject anew, and succeeded in arriving at 
definite results. Besides the detailed account of his observations,^ 
he has published comprehensive summaries.* 

Experiments at 100° were made with round flasks of three 
lime glasses A, B, C, identical with Nos. 8, 15, 16 of Art. 139. 
No. 17, under the name of H, was included in some later 
experiments. After cleaning, drying, and weighing, the tlasks 
were heated in a paraffin bath at 100°, and filled with acid at 
100°. After six hours at this temperature, the acids were 
removed, the glasses cleaned and dried, and their losses of weight 
determined. 

The acids thus employed were ; — sulphuric acid, in 6 different 
degrees of dilution, and pure ; nitric acid in 5, hydrochloric in 5, 
and noetic in 3 different dei^rees of concentration. Similar 
experiments were also made with pure water, for comparison. 

It was found that, for one and the same glass, the loss of 
weight was the same, whether the dilute acid was sulphuric, nitric, 
hydrochloric, or acetic, and was the same whether the solution 
was normal or millinormal or tenfold normal. A considerably 
higher degree of concentration gave weaker action. In all cases 
the actions were much weaker than that of pure water. With 
glass A the action never exceeded ts, and with glass C about \ 
of the action of pure water. 

^F., III. 2F., II. and F., IV. 



P'oerst^r concludes that tlie aciii in the solution exerts no sen- 
i aniounl of direct action on the jflass. but merely inodities the 

^n of tlie watCT on the i;liLSB, 

txperimenta with Superheated Acids were niade, in the fol- 
; manner, on three lime glasses. D. E, F. of which E and F 
were described as good, and D aa inferior. Cylindrical hits of tube, 
of the three glosBes. were dried at 100\and weighed, then enclosed 
with the acid solutions in larger tubes, heated for four hours in a 
glycerine bath, either at 160' or 190°, and afterwards tested for 
Inss of weight. 

Here also it van found that the strength of attack was the 
same with such differenl acida as sulphuric and acetic, provided 
that the concentration, reckoned by the number of gram equiva- 
lents in a litre of water, was the same. The inHuence of concen- 
tration liecnme more conspicuous at these high temperatures, 
and was still in the direction of diminished attack for increased 

Entration. 
similar result was obtained, when coarsely pounde<l lime 
was exposed, for six hours, to the action of hydrochloric acid 
fforent strengths, at lempertiturea between 260° and 270'. 
QiaASCS D, E. F. treated in this way, were a<^iu much more 
strongly attacked by pure water than by the acids. 

Explanation of the Behaviour of Lime Glass to Add 
Bolutions. To explain these results, Foerster starts from the 
aasumptiiin ihnt the acids exert no direct action on ttie glasses, and 
that the attack is exclusively due to the water which is present. 
This view loads naturally to the .conclusion that a larger content 
of KCid wenkeiis the attack, by diminishing the uoncentration of 
Utacking water. 

I furtfaur and more important reasnu for the inlluence of 

L is nimishefl by the following consideration : The first action 

I consists in taking out alkali. This alkali then aids 

r attack, as explained in previous articles. Tho presence of 

1 neutralise" this alkali, and prevents it from aiding attack ; 

: neutralisation is eflected more quickly and more com- 

Elf in concentrated than in weak solutions. The influence of 

iDtration is greatest when alkali is being most quickly set 

|tnd it is set free most quickly at high temperatures. 

le action of water on glass, though inHucnced by the presence of 

^ ia not thereby altered in character. The whole dilference 
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turns upon the fact that the accumulation of free alkali in the solu- 
tion is checked. But the alkali which is set free in large quantity by 
hot water, dissolves a large quantity of silica and brings it into 
solution. This action is likewise checked, when acid is present 
to neutralise the alkali. It is accordingly found that alkali is far 
more completely washed out of glass by acid solutions than by 
pure water. 

It must not be supposed that the above conclusions are 
universally applicable to silicates. There are a few silicates of 
lime and potash which are directly attacked by acids, especially 
by hydrochloric acid. It attacks them far more powerfully than 
water ; and the strength of attack increases with the concentration. 
Foerster was able to establish the existence of this exceptional 
behaviour in the case of WoUastonite (CaSiOg) and a Labra- 
dorite. The fused metasilicate Na^SiOs was also more strongly 
decomposed by concentrated than by dilute acids, and more 
strongly by these than by water. On the other hand, a melting, 
of the composition NagO . SSiOg, conformed to the rules for 
glasses. From a review of all the facts, Foerster concludes that 
the ordinary behaviour of glass towards acid solutions is due to 
its large content of silica. In fact, glasses with exceptionally 
small content of silica are strongly attacked by dilute acids. 

Behaviour of Lead Glasses. With three lead glasses G, 
//, 7, Foerster made experiments at 100'' similar to those made 
with the lime glasses A, B, C. The flasks of the glass /, which 
contained 3.3*8 per cent, of lead, were made at Jena. It was 
found, just as in the case of the lime glasses, that dilute sul- 
phuric, hydrochloric, and acetic acids had less action than pure 
water, and that the nature and concentration of the acid made 
practically no difference. Foerster recalls the fact that the 
resisting power of lead crystal glass to acids is increased by 
long-continued exposure to acids. Were it otherwise, the use 
of this material for wine glasses would long ago have been given 
up. Against pure water these glasses are more resisting than 
lime glasses. 

On the other hand, flint glasses poor in silica and rich in lead 
exhibit entirely dilferent behaviour. The Jena flint glass, of 
composition 

SiO,. Na^O. K,0. PbO. MnO. As.O^. 
.39-85 0-5 6-5 52-8 0*05 0-.3 
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IeH to coarse powder, was iiilioduced, in CLUitntities of 10 giu.. 
100 e.c. of water, normal solution of acetic acid, and normal 
bolation of hydrochloric acid ; aii(i geotly boiled for six hours, 
with backflow cooling. The water acted only very slightly, 
but the acids very strongly, and the hydrochloric beyond all 
oomparisoD more strongly than the acetic. The powder in the 
bydrochtoric lost 1'2 per cent, of its weight, and the ailica left 
behind ^ave the surfHce a porcelain-like appearance. 

Befaavioar of Qlaases IB"* and 69^. These two glasses, 
which (Art. 1^9) differ materially in composition from those of 
which we have been speaking, were tested by Foerater for their 
behaviour with normal, tive-fold normal, and ten-fold normal 
wide (HCl, H^SO., Cj.HA) at 190", it having been found that 
ywf were very little attacked by acid solutions at 100°. They 
^^b alao tested with pure water for comparison. 
^W^ith water they lost less weight thajj the good lime glasses 
W^W\ ami with acids less than with water. In the case of o9'" 
die attack by acids diminished as the concentration increased ; 
the glass thus resembling the lime glasses in its behaviour. With 
snlphuric and acetic acids 16'" also behaved in this way; but 
hydrochloric acid attacked it more powerfully with increasing 
concentration, as shown by the comparative figures: 

Nonn»l, Fivefold nornml, Ten-fold tiormul, 

16 L'l L'4 

r infers tliat this glass was directly iilUicked by 
ihloric acid, and tiuds a confirmation in the ctrcnui- 
that the hits of tube after the experiment showed 
f iurfaeee. 

ion of Pure Sulphuric Acid on Glasa. ^Vith the lime 

5 and ('. KwreU-r roade the following ..■xperiment ; Bits of 

e suspended by platinum wire iu sulphuric acid, which 

ly boiled tor six hours in flasks of very good ghiss. The 

{ loss of weight in mg. per sq. decim. was I'l for Ji and 

These tiguros show that boiling sulphuric acid is much 

r in its attack llian iHiiliiig water. 

Yapoar of sulphuric acid also acu on glass, and more 

jT as the lempcrntvire rises. Koursier remarks, in connec- 

this fact, that the sulphuric acid contained in the 

I of combustion of coal, and of illuminating gas, attacks 
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glass, giving it a white coating of alkali sulphates, easily 
removable by water. 

146. Action of Saline Solutions on Olass. The four lime 
glasses mentioned in Art. 143 were also tested for their behaviour 
to various solutions of salts.^ Trials with solutions of carbonates 
of alkalis showed that they may, in some cases, attack a glass 
more strongly than solutions containing equivalent quantities of 
the caustic alkalis. Carbonate of soda usually acta much more 
powerfully than carbonate of potash. Special attention is called 
by Foerster to the fact that, according to the observations made 
with these four glasses, a content of even 3 per cent, of alumina 
largely increases resistance to carbonates of alkalis, in the case 
of a glass containing much alkali and little lime. This effect 
he ascribes to the circumstance that alumina is insoluble in 
carbonates of alkalis. He mentions that, in experiments on the 
action of very dilute alkaline solutions on glass, irr^ularities are 
apt to be introduced by the taking up of carbonic acid from the 
air during the necessary operations. 

Experiments with other salt solutions soon showed that, in 
general, the greater or less resistance of a glass to attack by car- 
bonates of alkalis, is no criterion of its behaviour towards salts of 
other kinds. 

A solution of sulphate of soda had but little effect on any of 
the four glasses. 

They were much more strongly attacked by phosphate of soda ; 
and here again the glasses that contained alumina were dis- 
tinguished by their greater resistance. 

Exact knowledge of the action of verv concentrated salt 
solutions on glass is not of much practical importance. The 
solutions employed in analytical work are often so dilute that 
their action on glass does not sensibly difler from that of water. 
The rehitions become more complicated when we have to do with 
solutions which are not neutral, but acid or alkaline. 

Whether there is any glass pre-eminent for high resisting power 
against the greater number of important chemical reagents, must 
at present be left an open question. 

Attack by Carbonate of Soda. Eoerster subsequently- 
experimented on a greater variety of glasses, for their behaviour 

»F., 1.2510. 'F.,V. 384. 
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to R solution of carlioiiiite of soda. The glasses employed were 
11 out of the 14 described in Art. 139, Damely Nos. 1, 2, 4, 6, 
7. 8, 9, 10. n, 16. 17. They are all iochided among those tested 
liy soda lye at 100° and by water at 80" (Art. 143). 

Globular tiasks of these 1 1 glasses were charged with carbonate 
of BOila solntion of double nonnal strength, heated for three hours 
in a paraffin balh at lOO", and then tested for loss of weight. 
The subjoined table gives, in the second column, these losses 
reduced to rag. per sq. decim. of glass surface. The third and 
fourth colitnins are reproduced from Art. 143 for comparison. 
The lime of exposure was three hours in all three case8, and the 
circuiustances were similar; but whereas cola. 2 and 3 give total 
loss, col. 4 gives only loss of alkali, reduced to equivalents of soda. 
The soda lye, like the carbonate of soda solution, was of double 
normal strength.' 

j(. Carb. of *odii Soda lye Wiiler 

'^ ■ wlutiOD ut lOO". at IIXI-. at S0°. 




1 


23-5 


67-3 


2- 


2 


17-6 


397 


6- 


4 


59-6 


37-5 


28- 


e 


76-9 


398 


j6 


7 


79-2 


37-7 


45 


> 8 


730 


38-5 


50 


9 


79-4 


42-4 


66 


10 


230 


46-5 


65 


11 


40-7 


31 -3 


98 


16 


4o 


46 


654 


17 


51 


58 


350 



Glftsaes 4, 6. 7. 8, 9, which consist mainly of silica, alkali, and 
litne, aro very strongly attacked by the carbonate of !ioda solution; 
much more strongly than by the soda lye. The best rej^istiiig glassvs 
BgaiuBl the carbonate of soda are numl>er§ 1, 2, 10. The fact 
that they contain alumina is not ulone sufBcieut to account for 
this; for 11 and 16 abo contain alumina, and yet show only 
modcmttt resistance. 

146. Jena Laboratory-Olsas (Genitoglas). This is a boric 
acid glass with remarkable power of withstAnding changes of 

r No. & SluB, which wu uiniUr to that ii*biI by -Htu. t^nenltr cl«wher« 
L 99S2| gi*«« GRi -^7, '27 •« thu oorrrapuiKling thrM talow. 
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temperature (see Art. 108). Foerster makes a passing allusion 
to it, with the remark that it is even less attacked by water than 
the glass used by Stas.^ Fuller information has been published 
by F. Kohlrausch,^ who tested this glass along with two varieties 
of a Jena melting containing no alkali ; the compositions of these 
latter, in equivalents per cent., being 





SiOj 


AI.O3 


ZnO 


BaO 


BA 


I. 


65 


3-3 


4-6 


12 


15 


II. 


68 


3-7 


3-7 


12 


13 



The specimens to be tested were rubbed down to quite fine 
powders, and then shaken up with a hundred times their weights 
of water. The solutions thus gradually formed were tested for 
electric conductivity in the manner described in Art. 142. The 
results for these three glasses are given in the following table, in 
the columns headed I., II., G. (G standing for Gerate glass, which 
in the English catalogues is called "Laboratory glass"). The table 
also includes results obtained in the same way for five other glasses 
mentioned in Art. 142. The values given denote, as in Art. 
142, the electric conductivity k, so defined as to have the value 
10^^ for mercury at 0°. The values in the line at the foot of 
the table apply to the solutions obtained, by pouring away the 
first solutions after the lapse of the six days mentioned, giving 
second supplies of pure water equal to the first, and observing 
after the lapse of another week. 



First supply after 



2 minutes, 
1 hour, 
1 day, 
6 days. 



Second supply after \ 
1 week, j 



I. 


II. 


G 


4 


9 


6 




80 


14 


11 


2() 


44 


, IS 


10 


8.3 


77 


22 


18 


88 


99 




7 


— 


80 



o 



11 



VI 




Judged by these values, glasses I., II., and G. have much ^n-eater 
resisting power against cold water than any of the rest. But ilie 
conductivities do not truly represent the quantities of dissolved 



1 F.. V. 396. 



^K., III. 3000. 
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matter, wad are too favourable to the first three glaaaea; as 
boric acid, which they largely contain, has relatively small 
coDiinctivity in solution. But even after correction is made on 
this account, they 8till retain a distinct superiority over the 
other glasses.* 

The Oood Preserration of Water in Jena Oerateglas was 
shown by Kolilrausch in the following way.^ Two new bottles 
of this glass were leTt lu running water for about a quarter of 
an hour; and then tilled with very pure water of conductivity 
t=2, and left, slightly covered, at the temperature of the room. 
The amounts of increase in h were 

!)*}'■ eUpHit 2 7 23 e:^ 200 

In lat bottle "06 "l" 20 ^-i 35 

In 2n.l Iwttle "02 04 06 U -30 

These figures give, for the matter taken up from each square 
deciiiL of surface, only half the amounts which Kohlrauscb 
bad previously found for the best bottle-glass that he had ever 
tested, although that glass bad the advantage of having been 
masoned by long use. 

Kohlrauscb also made experiments on the behaviour of this 
to hot water' The above-mentioned solution, with the 
dered Gerateglas in it, was kept for three days at 60°. It 
then, on being cooled t,o 18°, showed the value k = 46. Being 
then kept for four hours at 93°, it showed /;=108. The solution 
was then, after decantation. evaporated, and found to have con- 
tained 194 mg. per litre. This gives 18 as the value of the 
"reduction factor" R (Art. 142). The residuum was only very 
slightly hygroscopic. 

A small boitle of the glass, filled with water, and maintained 
fur 16 hours at between 50° and 60', showed a loss of 0'2 nig. 
per sq. decim. of surface ; which was increased to 08 by two 
hours' further heating at 100", Kohlrauscb winds up by saying. 
** These results are likewise considerably better than for any other 
glasses known to me." 

D»e in Quantitative Analysia. Reinitzer (see reference Ut 

' )vohlr*iiiu:li Hiverkl timea remtrka thkt the alksU-frec kiiidi of glui powder, 
ktMr li<U)t u;ii><i«urK to water, fuTiueil > very lirni crust on the bottom of tbe 
VMarl. It [■ intprtnting to compare thU beh&viont wUb that of water-glua. u 
dMcribod at pagD !k». 

•K..in,-T««. »K.,m.3002. 

■^^ . U 
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authorities in Art. 130) published in 1894 a memoir entitled 
" Contributions to Quantitative Analysis," containing, results of 
many years' experience in large chemical works* The last section 
of the memoir treats of the attack of water and aqueous solutions 
upon glass vessels during boiling. 

About 300 C.C. of distilled water were mixed with a little lime 
water in a boiling flask of ordinary soft glass, and, after boiling 
off the carbonic acid, titrated violet with decinormal hydrochloric 
acid. The liquid was then boiled for about 15 minntes, and 
turned pure blue. When neutrality was restored, the acid con- 
sumed was found to have increased from 12'74 to 12'77 c.a 
Two repetitions of the boiling brought the amount up to 12*80 
and 12*90 c.c. The influence of the alkali dissolved from the 
glass was thus very perceptible, 

700 C.C. of distilled water, in a new flask of Bohemian glass 
by Kavalier, were boiled for four hours, the water evaporated 
being condensed back. To neutralise the alkali dissolved from 
the glass, 9*53 c.c. of decinormal acid were required. A 
further quarter of an hour of boiling raised the consumption 
to 10'22 C.C.; and another quarter of ah hour raised it to 
10*92 C.C. "The impurity introduced into large quantities of 
liquid by 15 minutes' boiling, is thus so considerable that it 
could be distinctly measured with normal solution, and the 
employment of decinormal is quite unnecessary." 

The experiment was then repeated with a retort of the best 
very infusible potash glass of the same maker. After four hours' 
boiling, 1'09 c.c. of decinormal acid had to be added to neutralise 
the alkali. As the boiling went on, the quantity had to be 
increased in 10 minutes to 1*14 c.c, and in a further 7 minutes 
to 1'16 c.c. In this glass, then, with 10 minutes' boiling, small 
quantities of alkali can be measured by decinormal acid, without 
material error. 

Keinitzer goes on to say, "It was a matter of great interest to 
me, after these results, to test, in a similar way, the new Jena 
laboratory-glass, as regards its suitability for the more delicate 
work of quantitative analysis, especially for the measurement of 
small quantities of alkali in large quantities of liquid. In a new 
flask of this glass, 700 c.c. of distilled water were boiled as before 
for four hours, and then tested, with decinormal acid and litmus, 
for the quantity of dissolved alkali. 
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further ^H 
if deoi- ^^ 



" 0'13 c.e. of acid was consumed. After 18 minuteB 
boiling, the whole consumption had reached 0*18 cc. 
normal acid. 

" These figures show clearly that the new Jena laboratory-glass 
ia far superior, in resisting power against boiling wuter or dilute 
saline solutions, even to the best Bohemian potash glass (which 
is never used for iwiling Haaks and beakers). It is about eight 
times as good aa the very infusible Bohemian potash glass, and 
alwut eighty times as good as the ordinary Bohemian laboratory- 
glass. It is accordingly beyond doubt that, by this new glass, 
the resources of the chemist have been enriched to an extra- 
ordinary extent. Hitherto the titration of large '|uantitiee of 
weakly alkaline liquid (for example, the measurement of the 
alkalinity of natural water) has been rendered ijuite erroneous by 
the change produced in the water by boiling in glass vessels; 
but it can now be perfonned with the greatest sharpness, Since, 
as I have previously shown, the most careful boiling away of the 
carbonic acid is always oecessar)' in order to obtain, with deci- 
nonnal solutions, definite and sharp changes of colour in laige 
quantities of liquid, it is quite clear. Iiaving regard to the 
demonstrated intluence of boiling in glass vessels, that the Usl 
hy (ifcinoTtruU acids for alkali luts now /or thr ftrsl time, hy 
Ikf usf of vessels of Jena laboi-atorif-fflass, really attained the 
aceitraey wliich hiis hitherto hem claimed for t(," ' 

'The paaaage tUlicbed i> iMdnl Id the originkl mendr. It U foUa«r«d by a 
pmctic*] illuitnition, which Dr. Hoveatkdt reproduce!, but which » aouch«d in 
loo techoical langaage to be of general intereit U) our reulerv. 

Art. 147, "Od .Surface Teiision oF Water in Capillar}' Tu)>e« of DitTcceDt 
')1mm«." ileacribea experiments by Volknunn (see FefersDcea in Art. 130) to 
■iMcnnitte whether vapilUry elevation of water in glau tubes ii influenced by the 
oatare of the glaa*. The cooclaaion ia in the negative, and the diicnaiiioD lack* 



CHAPTER XL 

ELECTRIC AND MAGNETO-OPTIC PROPERTIES 

OF GLASS. 

148. Insulating Power of Different Olasses. Differences in 
the insulating properties of different glasses depend mainlj on 
their chemical behaviour towards water. Glasses easily attacked 
by water are bad insulators. 

F. Kohlrausch has investigated this point by comparative 
observations, and sums up his results in the following brief 
communication to the German Chemical Society.^ 

" That chemically bad glasses insulate badly is a fact which has 
been long known. That this is due to the Faraday water-film, 
acting in concert with the alkali, has been thoroughly established 
by Warburg and Ihmori.'*^ I will merely add some information as 
to how glasses group themselves from this point of view. I suppose 
the glasses in question to have been for some time in water, then 
rinsed with distilled water, and dried in the sun, or in an oven, or 
in some such way. 

" At the outset all will insulate well ; but after some time con- 
siderable differences will show themselves. 

" Decidedly bad glasses will then be recognizable by their 
discharging a gold-leaf electroscope almost instantly when the 
percentage of saturation in the air is between 50 and 60, and 
in a short time (1 sec. or 2 sec.) when it is between 40 and 30. 
With glasses of medium quality, £i8 well as with lead crystal and 

^Ber. d. detUsch. chem. Ges., 26. 3002 (1893). 
^Ann. d. Phys. u. Chem. 27. 481 (1886). 
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Brmomtiter glass, the corresponding percentages of satura- | 
t be about 20 biyher. 

Thuringian glass made at Gehlbet^' iD8\ilat«a perfectly I 
D per cent- of saturation, fairly well at 60 per cent., and J 
es in a few seconds at SO per cent. 

b Bohemian potash -glass,* which, at least as regards quan- 
Ikali dissolved, must be reckoned among good glasses, no ] 
'. conduction appeared till the percentage was above 50 per 

id the insulation was still fairly good at 75 per cent. 
the head of all stood the alkali-free Jena glass,^ which 1 
1 perfectly at above 60 per cent., and well even at 80 per J 
saturation. 

'ouM be convenient if this glass were obtainable c 
ne puriwses." 

Tranaparency for Rdntgen Rays. Kontgen himself I 
led that glasses of diflerent composition behave dififerently [ 
ds the transmission of the X rays — in particular, that lead | 
ihow larger absorption than glasses free from lead, 
ielmann and Slraubel * carried out an extended investiga- 
rftrioua properties of the Kontgen rays, whicli included the I 
>f a large number of glasses for facility of transmission. 

before falling on the sensitive photc^raphic film, had I 
through one or more of the plates to be l«B[ed. These I 
23 dilTerent glasses, and their total thickness was 2'9 , 
i^r common area being about 2 sq. cm. Most of them are 
t in the list of Winkelmann's glasses, which we have given, 
r compositions, in Art. 67; and the identities are I 
in the following Hat, which is arranged in order of J 
ency, I being the most and 2'i the least transparent. 



5W. 


7 = 52W. 


13 


(9 


8= 6 


14 




9 = 84 


15-3 




10 = 90 


16- 


!7 


11=25 


17= 1 


sr 


12 = 28 


IS 


Like No. 11 


Art. 142. 






uid II., .\n 


j™.i''«l 


^ ,.. Chfn.. 59 


AM (IMWl. 





1'J = 21W. 




20 = 47 


'. 


21=23 




22 = •■iA 




2^ = 69 


Nu. 


liotArt 142. 
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No. 3 is described as a uranium glass of unknown composition. 
No, 4 is a plate glass having approximately the composition 

SiOg NajO CaO Fefi^ + AlO^ 
75 15 8 2 percent 

No. 13 had the same composition as 12s28W, except £hat 
the percentages of SiOj and As^O^ were greater by 0*1, and the 
percentage of BaO less by 0*2. 

No. 14 was an antimony glass, of composition 

SiO, B3O3 K,0 Sb,0, 

53-5 20 6-5 20 

No. 18 agreed with 85W, except that, instead of 10*1 ZnO, 
it had 10-1 PbO. 

The investigation thoroughly confirmed S5ntgen's conclusion 
that the presence of lead oxide increases absorption. It further 
showed that baryta has a similar effect. No. 21 contains no lead, 
but 42 per cent of baryta. The antimony oxide in No. 14, and 
the zinc oxide in No. 15, seem also to diminish transparency. 

Influence of the Several Components. To obtain further l^ht 
on the action of the most important glass-forming oxides, Winkel- 
mann and Straubel experimented directly on the transparency ol 
these oxides or their salts. The substances were reduced to 
powder, and equally thick layers of powder were compared. 

A, The most transparent were : boric acid, nitrate of soda, 
carbonate of soda (of 97 per cent.), alumina. 

B, Of intermediate transparency : nitrate of potash, zinc oxide, 
sand, carbonate of potash. 

C, The least transparent were : lead oxide, minium, antimony 
oxide, barium nitrate. 

The difference betweeen B and C was greater than that between 
A and B, These results confirmed and extended those deduced 
from comparison of the glasses. 

Rare Earths. Finally, experiments on the influence of the 
oxides known as rare earths became possible ; Schott having 
introduced these materials, in quantities of from 5 to 10 per 
cent, into a number of new meltings, otherwise agreeing in 
composition with glasses previously made. For example, the 
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ipoeitian nf a zircon glasa ia given by WJnkelmann and 
bel as 

SiO, B,0, Aji,0, Na,0 K^O CaO ZrO, 
60 8 0-2 5-3 U!j 2 10 

The Grit point tested was, whether these glasses posseesed, like 
fiuorite, the property of traasmuting thu X rays.' The conclusion 
was distinctly in the affirmative as regards zircon. A weaker 
action of the same kind was shown by a glass containing didy- 
miuni, and by one containing erbium. No such eflect was shown 
by glosses containing beryllium, uranium, cerium, or thorium. 

Transparency for the X rays was then tested ; and trustworthy 
conclusions were obtained from those pairs of glasses whose 
compositions were identical except in content of the rare earths j 
the rare earths in question being cerium, didyniium, zircon, 
thorium. To intercept the fluorescent rays, a thin sheet of paper 
wae interposed between the glass nnder examination and the 
sensitive lilm. The order of transparency (from greatest to least) 
thus found for the glasses was : 
^ Cerium, didymiiim, zircon, thorium. 

^HkuI the interposed paper the order was : 
^H Zircon, didymiuni, cerium, thorium. 

^bo. Speci&l Glass for X Say Transmission. 8oon after 
^p publication of Rontgen's discovery, Schott* devoted his 
tttentiou to the preparulion of a glass which should be specially 
traofiparent to the new rays. As a preliminary step, he determined 
Ibfl order of arrangement of the undermentioned oxides and car- 

res to be 
Li,0O, BjO, ^fa,CO^ MgO A1,0, SiO, KjUO, CaO 
MnjO, Aa,0, IlaCO, PbO 
B resnlt which conlirms the previously aucApted rule that trans- 
parency follows the inverso order of the atomic weights. Expert* 
B on this basis led Schott to a glass of composition 
SiO, B,0, A1,0, AsjOj Na»0 

3fl-6 n 20 0-4 10 

'8m ^nii. d. PAy»r. k. Chrm., .Ifl. SM-.-MS. 
*aablaa:urZiil>cAr./. liulnm., Uefl 13. 1B99. 
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Photographic testd showed this glass to be distincdj more 
transparent to the X rays than the Gehlberg glass used by 
Gundelach. 

Gundelach took in hand the preparation of X ray tubes of the 
new glass ; but scarcely any difference could be detected between 
their effects and those given by ordinary tubes. The glass has 
therefore not been put upon the market. The effectiveness of 
X ray tubes is, in fact, much more dependent on other properties 
than on transparency.^ 



161. Dielectric Constants of Different Olasses. The 

"dielectric constant," or "permittivity," or "specific inductive 
capacity " of glass has been a frequent subject of investigation. 
The following are some of the principal determinations for various 
kinds : * 



3-0 to 3-24 

6-6 to 9-1 

3-3 to 6*34 

6-46 to 7-67 

6-88 to 7-76 
3-6 to 25-3 

6-1 

7-5 



Gordon, - 
Hopkinson, 
Schiller, - 
WinkelmaDn, - 
Donle, 
Qaincke, • 
Wiillner, 
Romich & Nowak, 



PhU. Trans,, 1879, 1. 417. 

1878,1. 17; 1881,2.385. 
Bogu, Ann,, 152. 555 (1874). 
Wied. Ann,, 38. 161 (1889). 

40. 307 (1890). 

19. 556 (1883). 
Exper. Phyti,, 4 Aufl., 4. 333 (1886). 
Weiner Ber. (2), 70. 380 (1874). 
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The specifications of the glasses tested have not in general been 
very definite. 

Winkelmann, with the view of determining the influence of 
chemical composition, made comparisons between a glass contain- 
ing no lead and one containing 45 per cent, of lead. 

Winkelmann's Method of Observation. The observations 
were made with the help of a telephone. 

Two equal and parallel metal plates, P^ P^, face one another, 
and in the space intervening between their central portions there 
is a smaller metal plate Q parallel to them. 

^ The expansibility of the kinds of glass which are transparent to X rays U 
considerably less than that of platinum. There is, accordingly, a bad joint 
between the sealed-in wires and the glass. To prevent danger of the glass flyingt 
the course of the wire should be straight, and its surface smooth. The joint ctn 
be made air-tight by a non-volatile oiL 

^Results collected by Lowe, Ann, d, Phya, u, Chem,, 66. 401 (1898). 
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The glass plate to be tested is larger than Q, and of such 
thickness as to fit cloaely between Q and P,. It can be iDserted 
nr removed at pleasure. The other plate, P^, can be moved 
parallel to itself, to or from Q. through a measured distance. 

When an observation is to be made. Q is connected with one of 
the secondary terminals of a small induction coil, the other 
terminal l>eins earthed, and the two terminals of a telephone are 
connected with F, and P^. The eflects in the telephone will be 
bfllunced so as to give a minimum of sound, when the condenser 
PiQ (consisting of P,, the side of ^ facing it, and the intervening 
medium] has the same capacity as the condenser P^i^. 

Let rf be the thickness of the glass plate, and K its permittivity. 
Then, before the introduction of the plate, the two distances will 
have the same value (/ when balance is obtained. When the 
glass is inserted, it will be necessary to move P3 nearer, by a. 
fertain amount x, to restore the balance, and K will be given by 
the equation 



In this way, Winkelmann investigated the permittivities of four 
specimens of glass, besides ebonite and paratlin, also of the 
liijaids — benzol, petroleum, oil of turpentine, and alcohol. The 
glass plates, which bad thicknesses varying from :1'07 mm. to 
2G-2'.i mm., showed the following permittivities : 

Plate glass, .... 646 

Plate glass, - - - - 7-.'i7 

Lead-free ghiss, - - • •7*11 

Qlass with 45 per cent lead,- - 7'44 

The last two were discs for objectives, from the Jena Glass 
Works. In view of the small difference in their [lermittivities, 
with so largo a difference in composition, Winkelmann renounced 
the idea of extending the teat to other kinds of glass. 

Later DetermiQations. H. Starke, by an adaptation of the 
method nf NVrii.st, has recently determined the permittivities of 
ten different kinds of glass, and of a number of other solids.* 

The alternate cunenls y;iven by a small induction apparatus 

> Ami. 'J. Phu-. n. Ckm., VH*. 020 0M9T). 
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are sent through a Wheatstone's bridge, Fig. 29, whose four anns 
are liquid resistances r^, r^, r^, r^> Two condensers, of capacities 




Flo. 29. 

Cg, C^t are placed in parallel with the branches r^, r^. The 
conditions for balance in the telephone T c€ui be shown ^ to ]ye 

In order to make the capacities conform to this condition, C^ is 
varied by sliding a glass plate in or out through measured 
distances, the two metallic plates of the condenser being fixed. 

^ To prove this, let *i, t.^* h^ U ^® ^^^** currents at any instant in r^, ro, r^ r^. 

When no current goes through the telephone Tf the current into the first 
coating of Cg and out of the second, is »\ - 13. 

For equality of potential at the two terminals of the telephone (or at the 
left au<l right corners of the diagram), we have the conditions 

'1 - h _ h - *•• 



C3 C4 

Eliminating »2 and {4 from the .3rd equation by substitution from the other 

two, we get 

C4 r, 



h_r: 



r., 



iL^Ll. 



h ^4_ 

In order that the ratio of 1*3 to I'l may be variable, the second member must 

take the form . 

J 
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^Bt liquid condenser, cousisling of a shallow cylindrical vessel 
H^iickel (in the first instance empty), with a coUectin;^ plat« 
"^nllel to its base, is joined in parallel with the conilenser C, ; 
and t'j is then adjusted till balance is obtained in the telephone. 
The liquid condenser is then filled with purified benzol, which, 

ring to Fl. Rjitz ' has, at temperature (", the permittivity 
Ji:,= 2-2582 -■00164((- 15)! 

Let z be the distance through which the slider in f, must be 
moved to restore balauce. 

Now let the benzol be removed, and replaced by another 
liquid — say of permittivity A' — and let the slider be moved 
through a further distance t/ till balance is restored. As e(|ual 
movements of the slider produce equal changes of capacity, we 
have 
■ A--1 x+y 

m A',-1 ^ ■ 

^Bh) gives K in terms of K, and measured distances. A 
oqidd thus employed was ethylcne-chloride, which, according to 
Landolt and Jahn.* has at 0' the peraiiltivity ll'Sl. 

If a glass plate introduced into the liquid of the condenser is 
found not to distorb the balance in the telephone, the inference is 
that the permittivity of the glass is the same as that of the liquid 
which it has displaced. By making a mixture of the two 
liqnidB above named, this result can be approximated to. and 
the slider can be adjusted till the balance is exact. Two 
mixtures, one of rather higher and the other of rather lower 
purmitlivity than the glass, will thus give the true value by 
interpolation. 

One advantage of the method is that it can be carried out with 
small gla.<t8 plates — say of 3 sq. cm. area. It is also independent 
of the shape of the plate and of the character of its surface. The 
Utnita of interpolation are widened, when the plate is a right 
cylinder or prism with its ends touching the two bounding 
[dates of the liquid condenser.'' 

The following table gives Starke's results for the ten glasseo ; 

r./. fhys. Chtm., 19, M (1896). 'Ihi.1.. la 313 (IHKl. 1 

9 Murcaa of emr in th« method we maat refer to tbe original |»per. 
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including permittivity K, specific gravity «, and the index of 
refraction for the D line : 



Mark. 


Description. 


A' 


s 


KiB 


no 


S. 186 


Borate crown, - 


5-48 


2-24 


2-45 


1-50936 


0. 1948 


Borosilicate crown, 


6-20 


2-47 


2-48 


1*51180 


S. 169 


Phosphate crown, - 


6*39 


2-58 


2-61 


1-52090 


S. 4 


Borate flint, 


7-66 


317 


2-41 


1-60305 


0. 1610 


Baryta crown, - 


7-81 


3-21 


2-43 


1-57519 


0. 1777 


Baryta flint, - 


8-28 


3-40 


2-44 


1-60284 


0. 1922 


Densest bar. crown. 


8-40 


3-55 


2-37 


1-60699 


0. 1087 


Silicate crown. 


7-20 


2-54 


2*83 


1-51883 


0. 13S5 


Dispersive crown, - 


913 


2-70 


3-38 


1-52333 


0. 1469 


Half flint. - - - 


7-77 


3-58 


217 


1-6129 



Upon the whole, the order of arrangement for K is the same 
as for density, and also the same as for index of refraction; 
but there are strongly marked exceptions. 

162. Electromagnetic Dispersion. In connection with his 
investigation of the dielectric behaviour of glass, Winkelmann 
gives a list of previous determinations of the changes in K 
produced by changes iu the frequency of alternation.^ They all 
showed, in the case of glass, that K increases as the frequency 
diminishes. Since K corresponds, in Maxwell's theory, to the 
square of the index of refraction, this is opposite to the law 
of ordinary dispersion in the case of light, and may be regarded 
(IS coming under the head of " anomalous dispersion." 

J. .J. Thomson 2 found the value of K for a specimen of glass to 
be 2*7 when the oscillation-period was 4x10"^ of a second, and 
to 1)6 from 9 to 11 when it was that of an ordinary tuning fork. 

Lecher,^ in experiments on two glasses, obtained an opposite 
result. With a period 3 x 10~^ sec, the values of K were 7'3 
and 6*5, and with a period of half a second, 4*7 and 4*6. 

Blondlot,* })y a comparison of glass with sulphur, obtained an 
indirect confirmation of the smallness of K for glass at high 
frequency. He deduced the value 2 8, which nearly agrees with 
J. J, Thomson's. 



' Ann. d. Phys. u. phem., 38. 168 (1889). ^Proc, Roy. Soc., 46. 292 (1889). 
'•^Ann. d. Phys, «. CJwm., 42. 142 (1891). *Com. Ren., 112. 1068 (1891). 
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. Lowe,' in it comprehensive experinieutal investijijation, 
tned the magnitude and sense of the dielectric dt3i>er8ion 
inber of organic compounda, and for 1 different kinds of 
He employed Starke's plan of mixing two liquids in such 
tioua that displacement of the mixture by it solid body does 
rturb the electrical balance. In dealing with slow oscilla- 
used the same two li'iuids as Starke, and tested the 
B by Nernst's method. The glass plates introduced into the 

1 thicknesses of from 'Id to '26 mm. 
i rapid oscillations the liquids employed were benzol and 
!, with Drude's metliod of observation.* The glass plates 
ripi 4 mm. wide and 2 mm. thick. This method proved 
t than the other, and the tinal values were affected with 
wtainty of 1^ per cent. 
B following table the column headed K' contains Lowe's 
high frequency. His results for low frequency are 
I under the heading K, with Starke's results for nine glosses 
uiuing column. Lowe slates that his glasses were similar 
irke's, except that he used the borosilicate S. 99 in place of 



1 



Hark 




K 


JT 


Starke. 


Ldw«. 


L»we. 


S. 198 


BurMc crown. 


fi'48 


5-2S 


8-05 


0.2338 


BorMiliole otowa. 


6-20 


e-20 


e-15 


8. 218 


PhoaphXe urown, • 


asB 


8*0 


B-ai 


0, 1580 


Baryu =«,wd. 


7-81 


7-83 


7tiS 


0. ISS3 


SUiot* flint. 


8-SS 


8-2B 


73(1 


0. IBM 


Deiueat bsryu crown, ■ 


8-40 


7-96 


7*i 


0. IM2 


sm«te crown. 


T'SO 


7<« 


710 


o.-im* 


Uispenjve crown, - 


913 


S'tf 


7 '70 


0. ajoi 


.Silleste flint. 


7-7T 


7-78 


7-fti 


, 8. 99 


Borelc flint, 


_ 


8-06 


7-«3 


; 











Brate flint S. 4. The trade numbers of the glassea are 
different in the two lists, and it would therefore seem 
le glasses were not exactly identical in kind. This may 
for the difference in the case of densest baryta crown, 
e doubtful exception, the higli-fref^iieney value K' is in 
> Ann. d. Phy^ u. Chtm.. M. 390 U89H). 
*ZtiUc\r./. Phyt. Chtm.. 23. !«Si(18»7», 



every case sniAller then the low-frequency value K. In the one 
exceptional case 0. 1642, the diH'ereiice in the opposite direction 
is within the limits of the errors of observation. 

IBS. Abwnittloiii of Electromagnetic Radiation. For nine 
of the ten glasseS) L3we calculated the "coelhcient of electric 
absorption" k, defined hy the rule that the amplitude of electric 
vibration diminishes in the ratio <;"""■ for each wave-length of 
advance in the dielectric. 

Pmde * baa dednced, for the calculation of k, the formulae 



K-stao 



2' 



^ being an an^e found &om 



tan^»^,^i(Z-jr)(ir-««)}, 



« denoting tiie index of reftacticoi for luminous mys. The values 
thua calculated for k are given in the second column of the followiug 
table. The third column contains the values, for the same glasses, 
dt the optical characteristic v [which may conveniently be called 
the wnAringma^, defined in Art 17. Zxiwe calls attention to 



Glui. 


« 


' 


S. 196 


■u 


60-4 


0.223S 


-036 


63-4 


8. 218 


■07 


69 ■» 


O.1680 


■06 


M-9 


0.1353 


•145 


44-3 


0.1993 


•11 


66-4 


0.1542 


_ 


68-5 


O.2074 


■175 


62-0 


0.2051 


■06 


36-8 


S. 99 


■09 


42-5 



the fact that the highly diapereive crown O. 2074 has the laigeai 
" electric absorption " ; which is indicative (see Art. 24) of veij 
high electric dispersion. A comparison of the values of k and t* 
brings out no obvious relation, beyond the fact that, for the three 
flint glasses, k and v increase together. 

iJnn. d. Pkyt. u. Ckem., 64. 131 (1869). 
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Rltempt to determine by direct experimeut the ■'electric 
tion " of the glfise 0. 2074 was unsuccessful, and the above 
d of calculating k needs verification. 

, Verdet's Constant for Optical Glasses. In an appendix 
deecription of a ring electromagnet, which gave a field of 
40 000 C.G.S. units of intensity, H. du Bois' has given the 
.of Verdet's constant for a number of Jena crown nnd Hint 
, found by examining them in this field. The glass plates 
red were the identical plates previously used by Ihibeus in 
laaurement of absorption in the ultra red (see AiL 25). 
■Bses are the first nine in the list of Art. 23. 
del's ecnstant for any substance may be defined as the 
it of rotation of the plane of polarisation produced during 
ropagalion of light from one point to another of the 
»ce. when the magnetic potentials of the two points differ 
! C.G.S. unit. If the rays of light are parallel to the lines 
I field, the constant can be calculated by dividing the 
E of rotation by the distance, and by the intensity of the 
The amount of rotation is usually expressed iu minutes. 
]a.st column of the following table, headed <«„ gives the 
of Verdet's constant, in minutes, for sodium light, for the 


Hxfc. 


DeMription. 


■» 


«B 


S. :»4 
0. IU92 
0. IIISI 

8. 179 
0. UM 
0. 451 
a 46a 
0, »K\ 
b. ll» 


Borate crown, - - - - 
Light baryta orowu, 
Dispersive tilicste crown. 
Meilium pho»phate crown. 
Doom barium iilicate crown. - 
Ligbi silicate flint, - 
Deuseoiicate flint, • 
DeDse 8Lli™te diiit, - 
Densest silicate flint, 


1*340' 
1-31007 
151698 

lawe 
vstam 

lfi74ffi 
l-57&i4 

■ '«»» 

r7513W 

1 ■»!«.-. 


0-ooei 

0O16S 
0-OI90 
0-0234 
n-niti\ 
0-oaao 

0-0SI7 
0-OH2 

0-MHlH 


Bg to the magnitude of the index of refraction for sodium 1 

rbose values n„ are given in the preceding column. Both M 

1 tn for ordinary temperatures. Comparison between the 1 

> Ann. d. I'ligt. a. dem^ SI. MT (18M). M 
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two columns shows that, for the most part, the rotation increases 
with the index. 

Standard Plates for Measuring magnetic Fields. The 

rotation of the plane of polarisation, by a glass plate whose plane 
is perpendicular to the lines of the field, affords a. convenient 
means of measuring the intensity of the field, especially if the 
glass be silvered at the back, so as to double the length of path 
and thereby double the rotation. The plate can be standardised 
beforehand, by observing its effect in a field of known intensity. 
Zeiss supplies, for this purpose, standardised plates of the 
'' densest silicate flint " S. 163. To avoid the confused mixing of 
multiple reflections which occurs with parallel plates, they are 
made (on the suggestion of H. du Bois) ^ slightly wedge-shaped, 
so that the disturbing images are thrown away from the principal 
image, and can be stopped out from the field of view of the 
analyser. If the diaphragm of the polariser does not subtend 
too large an angle as seen from the analyser, the angle 
of the wedge need not exceed 15' to 30'. A standardised 
glass about 1 mm. thick is suitable for fields of the order 
1000 C.G.S. For weaker fields, thicker plates should be 
employed. 

155.2 Another Investigation. An investigation "on the 
electromagnetic rotation of the plane of polarisation in glasses, 
and its employment for measuring currents " has been recently 
published by 0. Junghans (Zurich, 1902). The glasses were 
used in the form of cylinders about 5 cm. long and 1'5 cm. in 
diameter, with plane parallel ends, and, when under observation, 
occupied a definite position in the centre of a cylindrical coil 
traversed by a current. The rotation of the plane of polarisation 
was measured with a Wild's polaristrobometer. In the following 
table of results, the 9 glasses are arranged in descending order of 
their indices of refraction ti^, which is also the descending order 
of their values of Verdet's constant co^. The first 6 are described 
as silicate flints, and the remaining 3 as barium silicates. The 
numbers I. to IX. are not the trade names, but mere reference 
numbers. As regards the other headings, i denotes the current, 
in amperes ; R the rotation for sodium light, expressed in cente- 
simal '* grades " ; E' the quotient of B by i ; 21 the length of the 

^ Lc. 548-549. ^ Supplied by Dr. Hovestadt for thia edition. 
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glass cylimler. JuDghans does uot carry his reductiona beyond 
the compulation of R' ; and the values of w^ given in the last 
column have been deduced by Dr. Hovdstadt in the following 
way. The values of K are in grades per ampere. To reduce to 
minutes per ampere, we must multiply by 54. Data given by 
d^Dogb&ns show that the intensity of Hold for 1 ampere is ."175 
1. units. We have, accordingly, 

_ fl' 54 _ ,.,«'. 
"" ~ 2/ 375 ~ '** 2/ ■ 

ftlich is the formnla that has been employed. These values of 
i may be compared with those given in Art. 154. -hmghana 
not appear to have been acquainted with Du Bois' 
estigation. 



UUm. 


.. 


'■ 


K 


R' 


•u 


"• 


I. 


1-0303 


■8128 


r-827 


2'-978 


&'O10 


■owe 


IL 


1-7B3N 


■81B7 


1-439 


■2 -336 


Bixte 


■m-n 


ra. 


IT*Ki 


■61B7 


1 -161 


1 ■fllO 


S^OIO 


■0649 


rv. 


1-6797 


■6116 


■MB 


1 -se-i 


5^010 


■0449 


V. 


16487 


-6140 


'810 


1 -317 


4^»82 


■0381 


VI. 


\mv> 


■6110 


■7*7 


1 -324 


4 982 


■03M 


vn. 


i-eioii 


-ttlOil 


■406 


■76S 


4'B82 


•0221 


vm. 


13731 


■8134 


■462 


■748 


4-tlH2 


■0216 


IS. 


1-5.TO8 


■8100 


■421 


■683 


4-982 


■0197 



Unituccessl'ul attempts were made to find a definite relation 
between the specillc rotatory power of the 6 flint ||>las3es. and 
their content of lead oxide. H. Becqueral's suggestion' that the 
roUiUiry power is proportional to nHji^—X) gave deviations of 
±4':i:{ per cent. The supposition that the rotatory power is 
proportional to the square of the- density, gave deviations of 
about ± 'i per cent. 

1. dt (Aim. tl (U My>>> S ^"'t <■ >'1I- 
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APPENDIX, 



REVISED LIST OF JENA OPTICAL GLASSES. 

following list, issued January 1902, supersedes that given on 
26-31. 

be phosphate and borate glasses are withdrawn, as they have been 
d wanting in durability. 

be italics indicate glasses of decidedly new composition, first 
xluced at Jena. 

be following are mentioned as specimens of ordinary silicate glasses 
)bjectives : 

Crowns 0. 144, 0. 60, 0. 203. 

Light flints 0. 340, 0. 318, 0. 569. 
Flints 0. 118, 0. 167, 0. 103, 0. 93. 

hey can be supplied in all sizes up to 1^ m. or more. Attention 

ailed to the telescopic crown 0. 2388, and the telescopic flint 

001, as almost completely abolishing the secondary spectrum. 

ressed lenses and prisms are supplied in the rough. 

oloured passes of 18 kinds are specified. 

eference is made to separate catalogues for laboratory glass, 

mometer tubing, water-gauge glasses, and lamp chimneys. 
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Trade 
No. 


0. 


82 


0. 


2188 


0. 


3258 


0. 


802 


0. 


144 


0. 


599 


0. 


57 


0. 


2388 


0. 


2122 


0. 


337 


0. 


546 


0. 


60 


0. 


138 


0. 


567 


0. 


227 


0. 


2118 


0. 


203 


0. 


2164 


0. 


2071 


0. 


15 


0. 


211 


0. 


1201) 


0. 


114 


0. 


1615 


0. 


2904 


0. 


463 



DescrlptioD. 



Borosilicate Cromi, - 
BorosUicate Crown, . 
Croum of Lowest Index, . 
BorosUicate Crovm, . 
Borosilicate Croum, - 
Borosilicate Croum, - 
Light Silicate Crown, 
Telescope Crown,^ . 
Heaviest Baryta Crown, . 
Silicate Crown, 

Zinc Crown, .... 
Lime Silicate Crown, 
Silicate Crown of High Index, - 
Silicate Crown, - - - . 
Barium SilicaU Croivn, . 
Crown of Low Index, 
Ordinary Silicate Crown, - 
Crown of Low Index, 
Heaviest Baryta Crown, . 

Zinc Silicate Crown, 

Heavy Barium Silicate Crown, 

Heaviest Baryta Crown, . 

Soft Silicate Crown, - 
Heaviest Baryta Craimi, . 
Heaviest Baryta Crown, . 
Baryta Light Flint, 



^ Never quite free from bubbles and veins. 



Index for 


1*4944 


1-5013 


1-4782 


1-4967 


1-6100 


1-5069 


1-5086 


1-5254 


1-5899 


1-5144 


1-5170 


1-5179 


1-5258 


1-5134 


I -5399 


1-5095 


1-5175 


1-5102 


1-6098 


1-5308 


1 -5726 


1-6112 


1-5151 


1 -6080 


1-6130 


1-5646 



Mean 

Dispersion 

CtoF. 



9- 

n-1 

A 



-00743 
•00760 
-00726 
-00765 
•00797 
•00813 
•008-23 
•00852 
•00970 
•00847 
•00859 
-00860 
•00872 
00859 
00909 
0O858 
00877 
00873 
01037 
0<.>915 
00995 



66-5 
65-9 
65-9 
64-9 
64-0 
62-3 
61-8 
61-7 

eo-8 
60-: 

60-2 

6")-i 
59-4 

58-4 

m 

.ySO 



01068 57 



T-> 



00910 

01078 

•01087 

-010-20 



56-4 
r.6'4 
*V4 






Tmdo 




IUtU«toA. 




So. 


A'U,.. 


Dloi'. 


Ftof/. 


« 


/J 


7 


Daiult7. 


0. ft! 


■00406 


■00519 


■00412 


■667 


■698 


-554 


2-33 


0. 2188 


■0W98 


■00633 


-04M34 


■055 


701 


■557 


2-46 


U. 3-258 


1)0485 


■QOSfJ 


■OO40O 


■688 


fl99 


-552 


2-23 


0. 802 


■0050* 


-00534 


■00423 


■669 


698 


■553 


238 


0. 144 


■fmiB 


■00569 


■00446 


■631 


701 


-559 


2-47 


0. .-.eg 


'00529 


1X1569 


■00157 


■631 


701 


■362 


2 48 


0. 57 


■00530 


1)0578 


-00464 


■643 


7itt 


-564 


2 46 


0. 238S 


■00549 


-00602 


■00484 


■644 


707 


-568 


2SS 


0. 2122 


■00B21 


■00683 


■00546 


-640 


701 


-563 


3-32 


0. S37 


■00547 


-00596 


00480 


-645 


703 


-567 


2-60 


O. A4G 


■00555 


■ooeai 


1)i4S5 


■648 


7(M 


-.■*s 


2-39 


O. 80 


•00553 


■00605 


•00*87 


■643 


703 


-566 


249 


U. I3S 


-00560 


-00614 


1HM94 


■6ty 


704 


-566 


253 


O. 367 


■•I05.V1 


1X1605 


1MM88 


■64.-. , 


704 


-569 


2.11 


0. 227 


■00582 


-OH039 


■00514 


■WO 


7<K} 


■.>66 


273 


O. 2118 


■00557 


-00604 


1XM91 


■649 


7<H 


-."•72 


254 


O. :i03 


■00663 


■00616 


■00499 


-642 


702 


.'568 


2 54 


0. 2164 


■00539 


■.10616 


■00500 


■640 


706 


■-•.73 


2-54 


0. 2071 


■00665 


■00730 


1X)590 


-641 


704 


-5.19 


3 54 


O. 15 


■00587 


1X1644 


■0052Q 


■642 


714 


■.■*8 


2-74 


U. 311 


■(KteSO 


1P0702 


■(XI568 


■633 


706 


-.■>71 


3^21 


0. iaj9 


■00680 


■00753 


1IOB10 


■636 


7ifi 


■571 


a.'ifi 


0. lU 


■oas77 


■00642 


■00521 


■6.-U . 


-l« 


■572 


2 55 


0. 1615 


-00885 


■00781 


1III617 


■6.15 


706 


■a-:i 


3 53 


0. 2sm 


■00883 


-00787 


■0*1626 


IKS 


7"'« 


■-■.76 


3 60 


(>■ 463 


110618 


iin7-J0 


10386 


■S3.1 


706 


■575 


3-11 
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Trade 
No. 



0. 608 

0. 722 

O. 846 

O. 602 

0. 2001 

O. 381 

O. 583 

0. 152 

O. 543 

O. 527 

0. 164 

0. 2015 

O. .■)75 

0. 522 

0. 726 

O. 161 

O. 578 

0. 378 

0. 364 

0. 1266 

O. 154 

O. 376 

O. 276 

O. 569 

0. 340 

O. 184 

O. 748 



Description. 



Index for 
D. 



Croum of High Dispersion^ . 
Baryta Light Flint, .... 
Baryta Light Flint, .... 
Baryta Light Flint, .... 

Telescope Flint, 

Crown of High Dispersion, 
Baryta Light Flint, .... 
Silicate Glaas, -----. 
Baiyta Light Flint, .... 
Baryta Light Flint, .... 
Borosilicate Flint, 

Heaviest Baryta Crown of High Disper- ■ 
sion. 

Baryta Light Flint, .... 
Baryta Light Flinf, .... 

Extra Light Fliut, 

Boroi^ilicate Flint, 

Banjfu Light Flint, 

Extra Light Flint, I 

Borosilicate Flint, 

Baryta Light Flint, .... 

Light Silicate Flint, 

Ordinary Light Flint, . . . . 
Ordinary Light Flint, .... 
Ordinary Light Flint, .... 
Ordinary Light Flint, . . . . 
Light Silicate Flint, 

Baryta Flint, 



Mean 
Dispei'sion 



1*5149 
1-5797 
1-5525 
1-5576 
1-5211 
1-5262 
1-5688 
1-5368 
1-5637 
1 -5718 
1-5503 
1-6041 

1 -5682 

1 -5554 

1 -5398 

1 -5676 

1 -SS^,") 

1 •r)473 

1 -5753 

1 -6042 

1-5710 

1-5660 

1-5S00 i 

1-5738 

i 
1-5774 , 

1-5900 

1 -623,5 



-00943 
•01078 
•01042 
:01072 
•01007 
•01026 

•OHIO 

•01049 
•01115 
•01133 
-01114 
-01222 



•01254 



•01321 



-01385 



•01396 



» = 

A * 



54-6 
53-8 
53-0 
53-0 

51-8 
51-3 
51-2 
51-2 
50-6 
50-4 
49-4 
49-4 



•01151 49-:? 

•01153 4S-2 

•01142 47-3 

-01216 I 46-7 

01255 ' 46-4 

-01193 ' 4.r0 



4.") -9 



•01381 43 S 



431I 



•01319 42-9 



-01373 4-2-J 



41-4 



41-4 



•01438 411 



•(H599 
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B*tl»toA. 


Dooritr. 


Ko. 


A-toD. 


DUir. 


Ploff. 


- 


? 


T 


a 608 


■00893 


■00666 


■00543 


■631 


■706 


676 


2-60 


0. 722 


•00881 


■00761 


•00621 


■633 


■707 


577 


3-26 


0. 846 


•006S7 


■00736 


•00602 


■630 


■707 


577 


3-01 


0. 002 


■00678 


■00769 


-00618 


-630 


-706 


576 


3-12 


asooi 


■00630 


■00710 


-00577 


-636 


■706 


673 


2-30 


0. 381 


•00844 


•00727 


-005B6 


-629 


•708 


582 


2-70 


0. 583 


■00696 


•00786 


-00644 


-627 


■708 


680 


3-16 


0. 182 


■006.W 


■00743 


■00610 


-828 


■708 


882 


2-76 


0. &<3 


-00690 


■00700 


-00650 


■627 


■708 


663 


3-11 


0. 827 


•00700 


•OO803 


-00660 


-623 


709 


582 


3-19 


0. IM 


■00710 


■00786 


-00644 


637 


■706 


678 


2-81 


0.2016 


■00763 


'00867 


-00712 


•624 


■709 


683 


S5B 


0. 578 


■00718 


■00817 


■0067-2 


-023 


■710r 


584 


3-15 


0. 522 


■00718 


•00819 


•00677 


•623 


■710 


687 


3-ftl 


0. 726 


■00711 


•008IO 


-00669 


•623 


■709 ' 


686 


2-87 


0. 161 


■00762 


•00860 


-00709 


•627 


■707 1 


883 


2-97 


0. 678 


■00777 


•00891 


■00739 


■619 


■710 


589 


3-29 


0. 378 


■00739 


■00847 


-00705 


■620 


■710 1 


BOl 


S-93 


0. 364 


■00787 


■«e88 


■00736 


■628 


■708 


88« 


2-90 


0. 1266 


00861 


•00982 


-00821 


-616 


•711 


8M 


S-sn 


0. IM 


■00819 


■O0H3 


■00791 


-617 


■710 1 


6«6 


316 


0. 376 


■008U 


■O0939 


-Oi»7»7 


•617 


■712 


506 


3-12 


0. 276 


■00846 


■OOB77 


■0U827 


•616 


■712 


■602 


3'23 


a S6» 


■00853 


■00987 


•00831 


■615 


-713 


■600 


3-22 


0. 340 


■008.17 


KOnH 


-00837 


-614 


-713 


■600 


3-21 


0. 184 


•00882 


■010-22 


-00661 


•613 


-712 


5ff7 


3^ 


0. 748 


■00B6.i 


■01142 


■00965 


•606 


■713 


OlH 


3-67 
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■^ 


B-trlpa™. 


tndu ror 


wjg^ 


0. 818 


OrdbBfy Light Flint, 








1-6031 


-0157iV 


0. 118 


Ordinary Silicate Flint, 








f61» 


■HlfStiOl 


a 1B7 


Ord>it»n' Si1i<»te FHat, 








1-aift 


-01691 ' 


0. 3209 


Heavy Baryta FHtU, 








1-6B70 


-OlSOfl 


O. 103 


OrdiDary Silicrie Slbtt, 








l'«n2 


-017(10 


0. 93 


Onliiikry 8iUot« Flint, 








1-6245 


-01743 


0. 919 


Ofdinary i^ilicate ^at, 








I WW 


■01770 


0. 335 


Beav J Sillc&te Flint, 








i-ema 


-01B3I 


a 102 

0. m 


Henvy Silicate Flint, 








1-6^ 


-01910 


Heivy SUioate Flint, 








imu 


■02104 


0. 41 


Uoavy Silicitte Flint, 








wm 


-tatu 


0. 113 


Hwvy Silicate Flint, 








1-7971 


■09600 


0. 165 


Heavy Sili™tB Flint. 








1-7H1 


■02743 


0. 198 


Very Heavy Silicate Flint 






1-7782 


•0^J941 


S. 228 


Heaviest SiliuUe Flinl^ 








1-9044 


-04174 
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Tnule 


FArtlal Disperaiona. 


Na 


A'to D. 


DioF. ' 

1 


FtoO". 


0. 318 


•00960 


•01 124 


•00952 


0. MS 


•01006 


•01184 


•01008 


0. 167 


•01026 


•01206 


•01029 



Ratios to A. 



O. 3269 

O. 103 

O. 93 

O. 919 

O. 335 

O. 102 

O. 192 

O. 41 

O. 113 

O. 165 

O. 198 

S. 228 



•01093 
•01034 
•01053 
•01063 
•0U>99 
•01152 
•<»1255 
•01439 



•01295 
•01220 
•01243 
•01266 
•01308 
•01372 
•01507 
•01749 



•01526 


•01870 


•01607 


•01974 


•01719 


112120 


iti394 


i»;i023 



1H106 
•01041 
•O1063 
•01085 
•011-24 
•01180 
•01 »e 

•01521 
•01632 
O1730 
•01868 
•02726 



•609 
•606 
606 
604 
6(15 
6(»4 
600 
600 
600 
597 
591 
587 
5H5 
5S4 
573 



714 
713 
713 
716 
714 
715 
715 
714 
714 
717 
718 
719 
7-20 
721 
7-24 



64 »5 
607 
608 
611 
•609 
609 
613 
614 
615 
619 
625 
627 



635 
653 



Donsity. 



348 
3-58 
3-60 
3^95 
3^63 
3-68 
373 

3 77 
387 
410 

4 49 
4-64 



630 4-78 



4-99 
5-92 
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*^* Sections A to H of the Appendix (together with Art. Ib5) ha/ce been 
specially pr^red hj Dr, Hovestadtfor {his edition. 



A, COLOURED GLASSES. 

The persevering efforts which have been made at Jena to supply 
the long-felt want of ray-filters suited for various applications in 
science and art, are described in three communications. 

I. " The absorption of light in coloured glasses." By R. Zsigmondy. 

Ann, d. Phys, 4. 60 (1901). 
n. "Coloured glasses for scientific and technical purposes." By 

the same. Zeitschr, /. Instrumen., 21. 97 (1901). 
III. "Jena light-filters." By C. Grebe. Zeitschr. f. Instrumen., 
21. (101) 1901. 

In the first, Zsigmondy gives a very exact description of the 
light-absorption in several coloured glasses of definite composition, 
based on measurements made with a large spectro-photometer. The 
following types of composition were included : 

Na,0 . 3810.^, K.>0 . 3SiOo, Na^ . CaO . 5SiO,>, 

K.6 . CaO . 5SiO,, Na.O . PbO . 5SiO,>, KoO . PbO . 5SiOj 

Nip . ZnO . 5810"^, Na.^B^., " B2O3, 

and finally a lead silicate with 20 per cent. SiO., and 80 per cent. 
PbO. Observations were also made on a soda borosilicate and a 
baryta borosilicate. 

The proportions of coloui'ing matter employed were respectively 

Chrome oxide 1 per cent., Copper oxide 2 per cent., 

Cobalt oxide 0*1 per cent., Nickel oxide 0*25 per cent, 

Manganese oxide 1 per cent.. Iron oxide 2 per cent., 
Uranium oxide 2 per cent., 

of the mass of uncoloured glass. 

The glasses were melted down in oxidising flames ; then stirred, 
in the liquid condition, to get rid of streaks ; then poured into 
moulds, and, after gradual cooling, cut into plates. The cut and 
polished plates were examined with a Glan spectro-photometer. 
The coefticients of extinction thus determined were used for the 
construction of representative curves, for which we must refer to 
the original memoir. 

In his second communication, Zsigmondy describes the practical 
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results which have been attained at the Jena works. They are set 
forth in the following list of coloured glasses. 

The last column gives the thicknesses of the plates which were 
examined; the examination being made with a Pulfrich comparison- 
spectroscope. The original gives also a graphical representation of 
each absorption spectrum, as seen in the instrument. 



Trade 
No. 


DesignatioD. 


Colour. 


Spectral rays trans- 
mitted. 

only red, to X=0*6/i. 


mm. 


2728 


1 
Copper ruby glass 


deep red 


1-7 


4591" 


Gold ruby glass | 

1 


red 


red, yellow ; and in thin 
layer, blue and Wolet. 




454111 


Uranium glass 


bright yellow 


red, yellow, green to Ei, ; 
ana in thin layer, blue. 


16 


4551" 


Uranium glass 


bright yellow, 
strongly fluorescent 






440>" 


Nickel glass 


bright yellowish 
brown 


red, yellow, weakeucil 
green, greatly weak- 
ened blue. 


11 


4I4111 


Chrome glass 


yellowish green 


yellowish sreen, almost 
hke the Zettnow filter. 


10 


433"! 


Chrome glass 


greenish yellow 


red to green, from X = 
•65m to X= -SO/A. 


5 


431"! 


Green copper-glass 


green 


green, yellow, a little 
red and blue. 


M 


432"! 


Chrome glass 


yellowish green 


yellowish green, a little 
red. 


2-5 


436'" 


Copper-chrome glass 


grass green 


green. 


5 


4371" 


Green filter 


dark green 


green : and in thin layer, 
blue. 


5 


438'" 


Green filter 


dark green 


green. 


5 


2742 \ Opper glass 


blue, like CuSO^ 


green, blue, violet. 


r>-i2 


447111 Blue violet glass 

1 


blue, like cobalt 
glass 

blue 


blue, violet. 


5 


424111 


Cobalt glass 


blue, violet, extreme 
red. 


45 


4JS0I" ' Nickel glass 


dark violet 


violet 0-Ht extreme 
red. 


6 


462"» Violet glass 

1 

t 


dark violet 


violet a If slightly 
weakened; with dazz- 
ling illumination, ex- 
treme red. 




444 " , Smoke gray glass 


gray 


whole spectrum weak- 
ened. 


•1--8 


445'" 1 Smoke gray glass 


gray 


whole spectrum weak- 
ened. 


•1 - -3 

1 



396 JENA GLASS. 

These glasses can be used for the solution of various colour 
problems ; for example : 

Bipartite division of the spectrum, or its division into two com- 
plementary colours, can be effected in two ways: — L By 2728 
(deep red) and 2742 (blue, like copper sulphate). II. By 454™ 
(bright yellow) and 447"' (blue, like cobalt glass). The pair IL can 
be replaced by 433"' (greenish yellow), and 424"' (blue). 

For the complementary pair I., the proper thicknesses are about 

2728, 1-6-1 -7 mm. ; 2742, 5 mm. 

For the complementary pair II. 

454"', 16 mm.; 447'", 1-5-2 mm., 

or 433'", 2-5-3-5 mm. ; 424'", 3 mm. 

Tripartite division of the spectrum into red, green, and blue 
(with violet), can be effected in various ways ; for example by 

2728, 1-7 mm. ; 414'", 10 mm. ; 447'", 15 mm., 

or by 2728, 1*7 mm. ; 436'", 2-6 mm. ; 447'", 1*8 mm. 

Further information on three-colour selection is given below. 

A fourfold division can only be imperfectly carried out. . Up to the 
present, there is a want of a blue filter which will transmit the spectral 
blue alone and ^vith sufficient brightness. Possibly 450"' or 452"' 
might serve for microphotography, and 447'" for botanical purposes. 

There is no glass transmitting only spectral yellow, and no purple 
glass absorbing only yellowish green. 

Most of the Jena coloured glasses can be supplied to order ; but the 
absorption bands vary somewhat in different meltings. 

Grebe tested the sample glasses by means of a small spectrograph, 
using Cadett plates, sometimes with and sometimes without compen- 
sation. The following conclusions respecting glasses suitable for filters 
are selected from the results thus obtained. 

The three glasses 

2745, red; 438'", green; 447'", blue-violet 

are specially suitable for the additive methods of three-colour pro- 
jection. They correspond, with sufficient closeness, to Young's three 
elementary colour-sensations. 
The glasses of a second group, 

Putzler\ reddish orange ; 438"', green ; 447'", blue-violet 

+ complement + complement 

are conspicuously fitted for the panchromatic process. 

* A glass easily obtainable, made by Putzler of Dantzig. 




Their transmisiiion curves cloeely rwemble the cun-os of distribution 
of the three olomentary sensations in the specti'uni. 
Lastly, (be three glasseit 

423'". bright like ; 459"'. purplu ; 4S4"', yollnw ; 

taken in order, are very nearly the complenientB of the three last 

niuned. They represent the ideul coloiu's for tbree-eolour pciiiting, and 

fo r subtractive synthesis. By meuna of these three glosses cumbin^l 

^Hibtrau lively, Grebe has obtained a nearly perfect reproduction of 

^^■l primatic spectrum (the " three-colour-glass spectrum "}. 

^pSome 
^^■Schol 



B. OPAL GLASS. 



n pubtiiihcil 



me datA respecting Jeiiii opal glass [milchglua] 
f Schott and Herschkonitz, ' 

The purpose of the usual oxtemal globes, whether of opal glass, 

roughened gtiiss, or etchuil glass, is to produce an advantageous 

distribution of the light. The ideal of sneh a diffusely distributing 

glass would be attained if absorption were quite abolished, and all the 

light wore aealtered and irananiilted in aiNiui ei|ual proportions. The 

lorption which actually occurs is due, in the ukse of ojkiI glasses, 

I the fact that the sejuratcil particles which scatter the tight ar« 

imperfectly transiwrent. Theoictically, there is no ditficulty 

iimsgining this function to be discharged by perfectly iranaparent 

tide*. It would suffice that these particles had a different index 

D the material in which they were embedded. For some time past, 

I Jona works have been producing an opal glass which comes much 

■rer to this idoal than those hitherto obtainable. A thin section of 

I new glass shows, under the microscoiKi, a glassy hcHlyground 

lough which numerous closely lying se[tarate transparent spheres 

e scattered. 

No information is given as to its comiKisilion and manufacture. 
Pholomeiric comparisons of it with ordinary opal glass have shown 
that thi^ alisoqttion of light ia reduced, in the most unfaruurable cues, 
to onn half, and in must cases tu one fonrtli, of its onlinary amount. 

'■'On the ilinrihuUoD of incandcMODt guUfibt Id t^axn, and lli* «ir«clJT« 
cmplayinont uf opal glaa* Ui illanklnation " — Jour./. QaJitltitehlvng tavt It'iiwii 
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In discussing the best form for a lamp shade, an ordinary incan- 
descent gaslight cannot be treated as a point source. If it is centrally 
placed within a large globe, the different zones of the globe will receive 
unequal illuminations. Schott and Herschkowitz have determined 
photometrically the distribution of the light for successive zones, each 
of lO"", commencing from the equator; and their paper (which is 
fully illustrated) shows how this knowledge may be applied (with 
the help of the new opal glass) to render the distribution as effective 
as possible. The aiUosit shades made by Schott and Co. are intended 
for this purpose. 



C\ DURAX GLASS FOR GAUGE TUBES. 

(See p. 227.) 

A new glass for waler-gauge tubes for steam boilers has recently been 
made at the Jena Works, and commercially introduced under the 
designation Durax Glass. As regards its composition, no information 
is given beyond the fact that it is a borosilicate. Recent advances in 
the production of iron and steel of high and uniform tenacity have led 
to the use of much higher pressures of steam, with a corresponding 
gain in efficiency ; and the requirements for strength in gauge-tu])e3 
have accordingly become more severe. An experimental investigation 
conducted by O. Schott and M. Herschkowitsch ^ has furnished definite 
information as to the relative merits of the various kinds of gauge-tube 
glass at present in use, as compared Vith one another, and more 
especially as compared with Durax glass. The tubes tested included 
French, English or Scotch, Jena compound, melting, combustion, and 
Durax tubes. The external diameters were 18-20 mm., and the 
thicknesses 2-3 -5 mm. The following were the main results. 

All kinds, when cold, were able to withstand very high internal 
pressure (170 to 333 atmospheres). 

The use of hot water and steam, without external chilling, diminished 
the resisting power of all tubes by from 35 to 40 atmospheres. The 
comparisons up to this point showed no superiority of one glass to 
another in any respect. 

^**0n water-gaugo tubes and their protecting glasses," ZeUschr, d. Vereim 
(UtUscher Iiigenieure, 45 (1901). The methods employed could scarcely be made 
intelligible without the illustrations which the paper contains. 
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Grea.t differences, however, appeared when the tubes, under the 
iiiturnal pressure of hot water and steam (as hi actual uae) vere 
exposed exterimlty for one second to u continuous Btroaju of cold 
water diopa. For example, in one series of experiments, the following 
were the pressures at which the tubes gave way : 

Prench. English. Compound. Combuitioo. Dnrai. 

6 7 15 34 27 atmospheres. 

The Diirax tubes here show a distinct superiority to any of the otherB. 
And it is a well-known fact that in practice many breakages occur 
from accidental external cooling by drafts of cold air, sprinkling of 
water, rain-drops, or snow-tlakes. 

The corroding action of ivater and ateam, at high temperatures, on 
the surface of glasH, wajs much less noticeable in Durax than in the 
other glasses, provided tlud the water did nut coniai'i "» exectsivi' atiMunl 
of/rfe albili. 



D. DEPRESSION OF ZEHO OF THERMUMETEll BY 
HE.\TING. 
(Sec p. 3M.) 

W. Schloeaser,' in comparing th6rnioiiieti.'rs belonging to the 
" SlnndBrds Commission " with thermometers of vem- rlur whose 
errors hud been detormined at the Bvrmu lulrrnaiiimni, oltservod the 
depressions produced by heating to temperatures between 10' and 
80° for eight thermometers of 16'", and t«n of cerrt dur. His 
residtn, when reduced to the form 

Et-E," pt+^ (see p. 255), 



give the following values of the two 


consunts p, i 


1. and of 


•'depreswon-conatant*' I): 






11.^ 


lO*, 


u 


Normal-tilftss 16'" 8-3 


0-655 


0071 


Vfrre dur 55'36 


0-6875 


0124 



Compuniig these with the values given at pp. 255, 256, one is 

■triH'k with the smallness of p and the largeness of '/, which (especially 

m the euKu of 16'") deprive the depression -curve of nil likoneu to a 

I ttnight line The working out of the formula between 0* and 

, with the values assigned by tbe three different ob«erven, ii 

'ZtUtrAr./. InMnan., 31. 2S1 (1001). 
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exhibited in the following table. The discrepancies are not yet 
explained. 



Normal-glass 16'^^ 


Verrt dur. 


Temp. 


Bottcher. 


Thiesen. 


Schloesser. 



Gaillaame. 


Thieson. 



Schloesser. 


0° 














10 


t / 


1 


9 


10 


6 


20 


14 1 14 


4 


18 


20 


14 


30 


21 22 


FT 


28 


31 


23 


40 


27 ; 31 


13 


37 


42 


33 


50 


33 40 

1 


19 


47 


• 62 


45 


60 


40 i 50 


27 


57 


64 


58 


70 


46 61 


36 


67 


75 


72 


80 


52 


72 


46 


78 


86 


88 


90 


57 


83 


58 


89 


98 


105 


100 


63 


96 


71 


100 


110 

• 


124 



E. REDUCTION OF MERCURY THERMOMETERS OF 16"^ 
AND 59'" TO THE HYDROGEN SCALE. 

(See p. '2m.) 

The introduction of the hydrogen scale into practical therraometrv. 
has given great importance to the reduction tables of Art. 123. Every 
step towards their completion, and every contri])ution throwing light 
on th(j degree of their exactness, is therefore of interest. 

Thfri/ionufers of NoDiKd-Glnss 16"'. — \V. Schloesser conducted an 
investigation ' (see JJ) having for its object to compare a large 
number of thermometers belonging to the Standards-Commission, 
made of different German glasses, with the hydrogen sciile, by 
intermediate comparisons with thermometers of vrnr dur. We will 
first give the results ol)tained for 10 thermometers of 16'". 

This was the first comparison ever made between thermometers 
of these two glasses at temperatures below freezing ; and a special 
apparatus was employed, of which the author gives a description with 
illustrations. The observations extended from - 20' to + 90'', and 
the formula deduced from them was 

^,-/^,= 10-'xl72(l()0-/i,)/j,-10-^"x6r>6(lOO-/J-/,,, 

the symbols having the same meanings as in Art. 123 (p. 2^8). 



^Ztitschr.f. ln.i(rum., 21. 281 (1901). 
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The valiiss computed by this formula are given under the beadin;: 
''calculated" in the third column of the following table, the corre' 
B]ionding observed values being given in the second column. The 
fourth column f^irea, for comparison, the results obtained by Thieseii, 
Sclioei und Sell (see (>. 'J78t; and the ditTerences (Thiesen-SchloesBer) 
are ahown in column ."). 

VkiAimor lr~t,.; Unit u-'OOOl. 



Temp. 


SchlocouT. 


Thioen. 


Difl. 


Ob.. 


Cftlo. 




-26° 


+ 26S 


+2S1 






-20 


+ 197 


+ 188 






-IS 


+ 153 


+ 127 






-10 


+ 110 


+ 77 






- S 


+ 4fi 


+ U 






+ 10 


- 17 


- w 


- 47 


+ a 


-hSO 


- » 


- 91 


• 83 


- 2 


+ 30 


- 96 


■■ 98 


• 100 


-IS 


+ 40 


- 08 


- 90 


-134 


-34 


+ 80 


- 73 


- 7» 


-I2B 


-51 


+60 


- 80 


- 89 


-124 


-6S 


+70 


- 26 


- 38 


-!09 


-71 


+90 


- 28 


- 18 


- 88 


-66 


+ » 


-« 


' 4 


- 47 


-43 



The elaliorate attempts which were made Ut explain this discrepancy 
led tri no definite rosnlt : mid the ttgreoniant was not improved by 
Uwving out of account Schloeaeor's ohaon-ations below (1°. A 
jHirtial explanation is furnished by the differences whieh notoriously 
uxist Iwtween individual instruments of the same kind of glass. 
IrruguUntiea arising from this source can only bo eliminated by the 
asG of bu-ge numbers of thermouieten of both kind« ; and it is to 
be noteil that Schlovsser used ten themiunieturs of "normal glues, " 
•nd pjght of crrrr i/w ; whereas the other observers used only three 
of each kind. 

By adopting Chappuis' reductions of Tonnelot thermometers to the 
hydrt>gen scale, Schlounser finally obtained the results given in the 
ihinl colunui of the following table, which also contains ThieaenV 
rwului, for (-omi>ariean. (i, denotes Temperature by Hydrogen 
ackle). 
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Values of tiQ-t^; Unit O'-OOl. 



Temp. 


Thiesen. 


Schloesser. 


Diff. 


10" 


56 


57 


1 


20 


93 


93 





30 


113 


112 


-1 


40 


120 


116 


-4 


50 


116 


110 


-6 


60 


103 


96 


-7 


70 


83 


76 


-7 


m 


58 


52 


-6 


90 


:w 


26 


-4 



In Art. 123 it was necessary to employ extrapolation for reducing 
t^Q to the hydrogen scale at temperatures below freezing. It is of 
interest to compare these provisional determinations (p. 300) with the 
determinations which can now be derived from direct comparisons 
of ^le with ij. at these temperatures. 



Values of tu-t^f^. 





Schloesser. 


'ly 


0^-258 


•2«) 


•191 


1.3 


•132 


10 


•081 




•037 



Extrapolation. 

•19 
•13 

•i>8 
•04 



The difference in no case exceeds C-Ol. 

Thermometei's of the horonlicate 59"^ No direct comparisons of 
thermometers of this glass are available, but indirect comparisons 
with the hydrogen scale can be made in the following way. 

Griitzmacher 1 has calculated for each degree from 0** to 300^ by 
Wiebe and Bottchers reduction formula (p. 281) the difference 
between the air thermometer and the " normal-glass " thermometer. 
These differences we shall now denote by tj-t^,^. By adding these to 
the values of t^^ - tg calculated by Scheel (see p. 298), he obtains the 

^ Zeitschr. f, Glasinstrum.- Industrie ^ 5. 108 (1896). The reductioDS are 
reproduced by Grlltzmacher in Ann. d. Phyn. ?/. Chem.f 68. 769 (1899). 
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values ' of (, - („. By iiddmg iheae Ui Griitzmaoher's deWrmi nations 
of fns-'c {sBQ table, p. 2H7), vulues of Iu-^m "i^ obtained, which may 
bo used to check ScheeVa vnlues given on p. 300. Wu content 
ourselves with giving the results for every tenth degree. 

Unit 0°-001. 



Temp. 


h ■ '„ 


(„-'» 


h - In 


'm't 


Im-'K 


Subeot. 


Diff. 


10" 


- 40 


Stt 


^ 


17 


Zl 


SM 




■2a 


- S3 


93 


10 


96 


3« 


33 




30 


-lOS 


113 


10 


29 


39 


38 




4(1 


-110 


120 


10 


dS 


3« 


34 




a» 


-lOT 


US 


n 


21 


311 


26 




6" 


- 96 


1(13 


7 


U 


21 


16 




70 


- 78 


83 


5 


a 


n 


8 




SO 


- « 


SB 


* 


) 


6 


1 




W) 


- 28 


30 


2 


-2 




-•i 


8 



The differencoe have all the same sign, but their maximum amount 
is only COOS. 

Oihfr TediidioRi to Ike hydrogev xraie. Twolvo old tlicmiomrtcr glasses, 
including seven Jena glasses, wore compared nnth the hydrogen 
thormomet«r by Grutxmacher- at the Keifihsanstalt, The 12 thermo- 
mulers were compared with fmir chief ataiiilarda of Ifi'", which had 
already lieuu compared with the air thermuiueter, and t:oiild thus, by 
GrutJsmncher's values of ti-it. be wmpnrwl with the hydrogen 
ihermoinuler. Reductions to the hydrogen thermometer were thus 
com]>uted for the IJ old glasses. Most of these glasses have been 
superseded, or have never been in practical use. 

Schloesser, in the invosttgntion (jiuitiid nliovc, alsi> gives com{iaris«)ns 
of several old (Jena and other) thermometer glasses with the hydrogen 
scale, derived from direct comparisons by himself with Tonnelot 
tbermoiucters. 

'Tbe values Iriim o' to IIKI' are )nvva (ur each Uc^rcv to turnith the mouis of 
reducing to the hyilrugen Ihemiotnoter lh« vaniiuit Teilaction* tii the atr thermo- 
meter pubUihed l>]f the ReioheanitAlt rlown to Oct. 1S96. Siiioo that ilata ths 
BciohMnstalt ha* rcUuted (emperaturea between 0* and KU' to the hvdrogvn 
ihermoiaetar. 

* IfiiMrUUioH, Berlin. llKtK. 
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F, INFLUENCE OF TEMPERATURE ON THERMAL 

CONDUCTIVITY. 

The Influence of Temperature on the Conductivity of Glass has been 
specially examined by J. Krtiger,^ mainly with the view of testing^ 
the correctness of Winkelmann's conjecture (see p. 212) as to the 
cause of the differences between Paalhorn's and Focke's results. Kriiger 
used the identical apparatus which had been employed by Paalhom ; 
an apparatus containing (as described in Art. 92) a conducting column 
composed of three copper and two glass plates ; but the two glass 
plates were now of the same glass at different temperatures. In the 
course of his research, he introduced a modification consisting in 
alternate reversals of the direction of the flow of heat through the 
conducting column, observ^ations with the flow in opposite directions 
being combined in pairs; and his final results were deduced from 
observations so combined. 

The reductions were directed to finding the value of the temperature- 
coeflBcient a defined by 

and the values found for a were so small that little could be done 
beyond determining their signs. No attempt was therefore made 
to examine the influence of chemical composition ; and the experi- 
ments were limited to three glasses, 0. 137, S. 226, and O. 709. The 
first is identical with No. 83 of Winkelmann's list (p. 145), the second 
is nearly identical with No. 69, and the third Avith No. 2f>. The 
values found for a were 

0. 137 S. 2-26 O. 709 

10^' a = -(31 + 15), --(34±1), -(45 ±13). 

The conductivity accordingly (as in the case of most solid bodies) 
diminishes slightly as the temperature increases ; the difference per 
degree amounting to only about '03 or -05 per cent. These coefiicients 
do not correspond either in magnitude or in sign with the view that 
the diflerence between Paalhorn's and Focke's results is to 1)0 
explained by them. 

After discussing the circumstances, Kriiger comes to the conclusion 
that the difierences in question are probably due to small differences 
in the chemical composition of nominally identical glasses. 

^ InauduraJ DifStrtafiov^ Jena, 1901. 



0. DECOMPOSITION HY Alli AND DUST. 

(See Chap. \.J 

i^bservatione on tho dfcomposiiwit nf differnil ijUissejs whm rj'jHuuul la 

I awl dvM, have been published by K ZBchimmer.' They were 
I upon about 200 piuccs of gloss with polished plane surfaces, 
which, wHlh the view uf testing the tluraliilitit, in ordinary eondUiont, 
of glasses destincil for optical use, hod been stored in >)ena for several 
years in a dry place, and unclosed in a way which only imperfectly 
excluded air. 

.A riose connection was found (as might have lieun expected) between 
the uhemical compositiun nf the glasses and their susceptibility to 
<locon] position under the intluonce of »ir and dust, the following being 
the most important conclusions. 

Tho behaviciui- of Stik-itts wUlunit Uad de|>ondB almost entirely on 
their content of alkali. Even with as little as 10 per cenu, they 
exhibit, under the microscope, the Bu^^lletl du»ty dawUegratinn \ 
thnt is to suy, thii minute [uiriieles nf iliist which fall nn the surface 
become centres of decomposition, the character of the decomposition 
being different according lu the eompoaition of tho gla^s. 

When the |)ro|)ort{on of alkali is increased beyond 10 per cent., 
\\ic tranaition is soon nittde Lo /umuyi^iriiiis dennnpoxii'um, which attacks 
the whole surface nniforraly. 

With 20 per cent, of alkali, the deposit on tho surface is visible 
to the naked eye : and larger projiortions give rise to coarser phe- 
nomena — the fonuation of drops, and the crystallisation of carbonates. 
Deli'iuescent carbonate of [x>tash covers the surface with more or less 
minute drops ; whereas curlMnate of soda, being only slightly hygro- 
scopic, covers it with nssomblagcs nf cryetjils. Whether lime, and 
zinc oxide, ITavc a matoriul inlluerico on these phenomena, is not 
definitely known. Haryta, when prtwent in considerable iiuantily, 
promotes the dusty disintogmtion, 

Lftid Miaik glasses showed dusty decom]Misition in the form of what 
M-e known us laui-i^iU. They were not Msen till the IcmI oxide amounted 
to 20 per cent, ; <ind with incrcjising pcreontnges they bocatno more 
and more prominent. Lund Bpot« are a phenomenon well known to 
opdoians in the case of flint glasses. The spots were brown, or blue- 
bladt, and showed (under the microscope), in the centre of each, the 

< Clitaubr ZtUnity, luni. -a. St.. tm. 
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exciting particle of diist, surrounded by scaly leaf-like products of 
decomposition, forming a black or brown mass. A similar appearance 
can be produced, in glasses rich in lead, by immersing them in a 
concentrated solution of grape sugar. After the lapse of a few days, 
they develop spots with a bluish-brown shimmer, which remain after 
washing and gentle wiping. Presumably it is a case of the formation 
of lead mirrors by reduction. In lead silicates containing alkali, the 
separation of alkali at the surface is promoted by the presence of the 
lead, if in sufficient amount. 

The borate glasses without lead behave in a manner easily understood. 
Pure boric acid, afber fusion, and most of its salts, absorb from the air 
considerable quantities of water, while continuing to exhibit a dry 
surface. Glass rich in boric acid behaves in the same way ; it swells, 
while remaining dry ; and no change in the surface is noticeable till 
the quantity of moisture absorbed becomes excessive ; when the surface 
begins to split. The bursting of the surface can be produced at an 
earlier stage by heating the glass. In the case of a glass with 60 
per cent, of BgO^, this action was so strong that the whole surface 
broke up into splinters when heated. Another glass, with 50 per cent. 
B2O3, began to show microscopic cracks when heated to 150". A 
borosilicate with 22 per cent, showed no change in its surface even 
after heating. Percentages of from 30 to 40 of B.,03 may be regarded 
as consistent with durability. 

L'o/f borates exhibit decomposition of the surface as soon as the 
amount of lead oxide reaches 20 per cent. ; the effect showing itself by 
iridescence, the colours changing with the angle of incidence of the 
light. Heating deepens the colouring, but there is no flaking off; and 
polishing the surface increases the brilliancy of the display of colour. 
The glass must therefore be affected to a considerable depth. 

The phosphate glasses are all hygroscopic ; and their changes of 
surface resemble those of the alkali silicates ; but are easily distin- 
guished from these, under the microscope, by the characteristic 
property of the separation of crystals. 



H. OPTICAL EFFECTS OF STRESS. 

Ttie change of optical iwopcrties produced by elastic defamiatiou has 
been investigated for various glasses by F. Pockels.^ His investiga- 

Mww. d. Phys., Ser. 4, Vol. 7, 745 (1902). 
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tions were directed to iho detormi nation of the. two coefficients /i, 7 
in the equations 



employe*! by F. Ni 



for expressing the influence of elutio 



defurmation 011 the propagation of light in isotropic substances; 

^.' ,'/,■ =1 denoting ttie three piincipul dilntations; 

111 the velocity of propagation in the absence of elross ; 
'V "V ™' the three prineipul lolocitiesof [irO|)ugation in tbestrcssc-d 

aubaUince.' 

I'be lUCcs of r, y, z are so uhuaeii aa to coincide with the direction>t 
of the three principal diktstions. They will be the principal &x<tA 
of the wu\ e-dui-fuce. 

Taking E (as in Ch»p. VII.) to denote Young's modulus, «nd /i 
Poisson's ratio, a, ihnist Z, in the direction of : will produce the 
three principal dilatations, ;, = -ZjE, x^ = y, = fZjE; and p and q 
can be deduced fnini nieaeureuients of lu, - tu and *■>,-«, or one of 
these <|iiuntitics and the difference of the two. Their values will be 
diSeront for different wave-lengths. 

Hectangiilar plates, about 20 mm. long, 7 mm. wide, and 5 mm. 
thick, of the glasees to tie tested, were ground at Zeiss' works, in 
pairs or in sets of four. The 20 x 7 faces wei-e ground accural«Iy 
pinne and pnrallel, nnd finely (mliahed. In each experiment, one of 
these |>latc8. with it« greatest dimension vertical, was sulijectod to 
vertical pressure applied hy a steel lever. 

Observations were first made with a Jumin's Interferential refractor, 
to determine the absolute retdrdalinn, inlroducMl by the cumprcaaion, 
in the wave polnrised porpcndiculBr to the direction of pressure: 
And then, secondly, with a Babinet's compensator, to determine the 
relative retardation of the two waves propagated perpendicular lo 
the poliBhe<l faces. These iletenni nations fiimiah the means of 
calculating pjat anil ^/w. 

•Seven glasses wore tested, an<) jtarticulnra res[kecting them are 
given in the following table. The first column contains their trade 
numbers ; the second column, headed W, their numbers in Wiiikel- 
n's list (pp. U&-I-IT); i is speciRc gravity; E Young's modulus; 



''{Pookd* oalb tlwni "th« velooitie* of th* w 



vtui pulkniinl perpcndlculkr 
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fjL Poisson's ratio ; 3a the cubic coefficient of expansion ; n the index 
of refraction for sodium light. 

The values of E and /* for the glass O. 428 were not directly 
observed, but computed i^m chemical composition. 

Glass O. 2154 is nearly identical in composition with Winkelmann's 
86, and 0. 500 with 50. 



Trade 
No. 



S. 205 
0. 428 
O. 658 
O. 2154 
(). 1571 
O. 500 
S. 57 



w. 


«, 


E. 


M- 


2=22 


2-243 


4800 


0-274 


42 


2-467 


4720 


0-268 


21 


2-758 


5470 


0-250 


47 


3115 


6100 


0-222 


26 


3-88 


5470 


0-224 


33 


4-731 


5500 ' 


2.39 


20 


6-3.35 , 

1 
1 


5035 i 

1 


0-261 



3a. lO'. 

202 
157 



241 

-280 



M. 



•5076 
•6123 
•6452 
-5700 
•6440 
1 -7510 
1*1>625 



The results of the investigation (for sodium light) are given in 
the following table ; in which v denotes na> the velocity in vacuo. 





8. 205. 


0. 42S. 


0. 658. 


0. 2154. 


0. 1571. 


0. 500. 






•274 


•09<>S 


•289 


•306 


•335 


w 

•354 


•427 


7 


•166 


•0228 


•182 


•213 


-264 


-319 


•466 


J' 


•18*2 


•060 


•187 


•195 


•204 


•202 


•218 


7 

r 


•110 


•01 r> 


•118 


•135 


•160 


•182 


•237 



















Hy means of the equations 



to^ - 10 // - n (I J) 



the values of /^/oj and q/io serve to determine the changes of the 
index of refraction. 

The glasses are arranged in ascending order of .< and of n. It' 
we leave out of account (). 428, for which the values of E and /* 
were only determined by a doubtful calculation, all the four 

(juantities ^, ^, ^, J, increase with *- and ?i from Ciich column to 



Oi O) V V 



ilie next, the iiicreaso being more mpid for '' atul -' than for ^ and ^ ; 
l)Ut uiong wiLli this increase there i» a diminuiioii of the difference 
twtween " iirid "-, and, ihorefore, of ibe difference iHjtwueii p mill 7. 

}• is greater thttn q in all light ginasee, and also in the heavy 
Hint 0. 500 ; the double refraction in these is accordingly iiegiitivu. 
In the heaviest flint S. 57, q is greiater than ]> ; tfant is, thrnst in 
this glass produces positive double refraction. This is a result never 
before observed in an amorph^iug substance. 

As 0. ")0o and S. 57 ure both of them load silicates, Poclcels 
inferred that there must bo some intennodiat« lead silicate for which 
p and q are e<iual, mi that it would remain singly refracting undmr 
thrust in any one direction, und therefore under any distortion 
whatever within itB elastic limits. 

In endeavouring to determine by graphical interpolation the 
composition which would give this result, the four giusses 8. .'i7, 
O. 300, O. 1571, O. :;164 were taken into account, und the composi- 
tion indicated was 

22-s SiOp 7r.-7 PbO, ir. K/l. 
An experinieiital melting of about this composition wa^ made ut the 
Jena Works, and, when tested with sodium light, wui> found to give 
positive double refraction having only ,'n the magnitude of that 
given by S, 57. Pockels concludes llrnt n diminution of 0'6 in the 
PbO woidd make the double refraction vaniflh. 

besides sodium light, the glasses were also tried with lithium 
light and thBlIiuui light. Observations were fewer than with sodium 
light, and therefore the same degree nf precision cannot be claimed 
for the resulta. Tlioy acned, however, tn show that the cliromatic 
^liaporsion of the double refraction is mostly ^ery small, and may 
have either sign, It ia only considerable in the heaviest flint glasiMs. 

The ehntiijf of indtx prodartd by romprtimon iit 'liltiiiilinn uniform in iiU 
'lireeiioiii can be calculated from the values fnund l'i>r fi ui and q u. 
Calling the cubic (lilatation &, wu have 

'.-!,. -..-v. 
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We thus find for tho seven glasses 

, S.205 0.428 0.658 0.2154 a 1571 0. 500 S. 57 
.9 ,'*= -358 106 -392 -485 -512 -600 -865 

If we assume any one of the three formulae on p. 61 (for the 
"constant of refraction") as remaining constant during uniform 

compression, the assumption will give s -r- as a function of n. Pockels 

teated all three formulae in this way, and found that the second (which 

makes nr-l proportional to the density) gave fair results for some of 

the glasses, but bad results for others. The first and third formulae 

(especially the third) gave much worse results. In connection with 

this question, it is to be noted, as an obvious inference from the above 

dfi 
values of s^ for the seven glasses, that the change of index with 

unitorm compression, whether measured by St or by , , inci-eases 

rapidly with the original density and index. 

By the pure temperature coefficient of index is meant the whole value 

(Ifi 
of -r minus the part due to mere change of density. Using the 

symbol 3 for partial and d for total differentiation, we have, 

iiccoi'dingly, 

du dn Oil ds dn dn 

as the formula for computing the **pure temperature coetficierit " an/?/. 
Pulfrich's observations (partly given at p. 59) led to the values : 

S.205 0.658 O.60O 8-57 

10^'^^!= --074 +-299 + -775 +145 

lO' /' = + -Go + -914 + 2-22 + :5-87 

at 

The pure temperature coefficient of index in these glasses, ^ , is thus 

always positive, and increases very rapidly with the content of lead ; 
this increase being probably due to the increase of absorption in the 
ultra-violet with increasing temperature (p. 62). As a further test of 

the correctness of this explanation, Pockels calculated .. for lithium 

d 
light and thallium light, using Pulfrich's values of , (with the aid of 

interpolation) and his own values of s^ - 
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The following are the results : 










S.205 


0.658 


O.500 


S.57 


10* '-^(^» 


-064 
-055 


•261 
•33 


•685 
•90 


M6 
1-73 


dnfhi 


•374 
•339 


•411 
•376 


•602 
•596 


•879 
•829 




•69 


•906 


213 


362 


•63 


•920 


2-34 


405 


-•06 


014 


•21 


•43 



They bear out the explanation, except in the case of the borate crown 
S. 205, which shows a diminution of the temperature coefficient with 
decrease of wave length. This is opposite to what we should expect 
from increase of ultra-violet absorption, and suggests rather a displace- 
ment of the ultra-red absorption bands in the case of this glass. 
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NOTES BY THE SENIOR TRANSLATOR 

<a) ON THE NAME TO BE GIVEN TO THE QUALITY REPRESENTED 

BY ABBE'S SYMBOL v. (See page 24.) 

The quality in question is a tendency to hold together the rays of 
different colours, so as to make dispersion small ; and I propose that it 
be denoted by the name canstringence, which literally signifies binding 
together. The adjective constringent already exists, and is given in all 
•dictionaries. 

(6) ON THE EFFECT OF EMPLOYING SOFT PRESSUREPLATES 
IN EXPERIMENTS ON CRUSHING. (See page 152.) 

The cracks observed when soft metal is employed are due to the 
tijaring of the surface by frictional pull, applied by the soft metal as 
it spreads. This action is familiar to modem experimenters on 
crushing. 

(c) ON ARSENIC IN GLASS. 

Having learned that the oxide of arsenic used in glass-making is 
always the common white arsenic (arsenious acid, AsgOg), whereas the 
higher oxide (arsenic acid, AsoOJ is invariably mentioned in this 
work, I wrote to Dr. Hovestadt on the subject. The following is 
a translation of his reply : 

'*I cannot accept your proposal to print AsoOg instead of AsoO-. 
It is true that the substance put into the niLxture is As^O^ ; but in all 
the Jena glasses oxidising materials (nitrates) are added — a statement 
which Dr. Schott has to-day expressly confirmed. These convert the 
lower oxide into the higher during the melting ; and in the glass as 
finally obtained the As.^Or^ is combined with alkali. Dr. Schott adds 
that, in many commercial glasses, such as plate and sheet glasses, 
As^Oy is employed without the addition of oxidising materials, so that 
no As^Or, can be formed ; but he adds that, in his opinion, no arsenic 
then remains in the glass ; it is driven off in vapour and exercises no 
influence.'' 

On the other hand, Mr. Walter Kosenhain, of Chance's (ilass Works, 
after considering the above view, writes : 

" I have very good ground for believing that, so far as arsenic enters 
into the composition of glass at all, it is likely to do so as arsenious 
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acid. The nature of the acids themselves is such as to lead to this 
belief. Arsenic acid is easily reduced by heat alone, and, though 
certainly less volatile than AS2O3, it is still volatile. Further, it is a 
feeble acid, and at high temperatures, in the presence of such acids as 
boric or silicic, it would hardly be capable of remaining in combination 
with alkalies. I believe that arsenic acid or its compounds, when they 
are present in glass at all, either form insoluble impurities or cause it ta 
become opalescent." 

J. D. E. 
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Alkalinity of water tested, 370. 
Allihn on rise of zero, 261, 264. 
Amplification by ocular, 84. 
Auiistigmatic aplanat, 98. 

— flattening, 97. 

Anastigmats, unsymmetrical, 102. 
Annealing, 15. 

Anomalous doublets, 99. 
Antiplanetic, 103. 
Aperture, numerical, 82. 
Apochromatic objectives, 85-90. 

— triplet, 100. 
Arsenic in glass, 412. 



Artificial ageing, 239, 249. 
Astigmatism of imaffe, 96. 

— in astronomical oojectives, 124. 
Auerbach on hardness, 168-185. 

Bamberg, 15, 16, 129, 138, 141. 
Baryta borosUicate 122">, 247, 267, 

286,287. 
Baryta crown, 101. 

bearing high temperature, 161. 

Baryta light flints, 100. 

Batch, 17. 

Baudiu and boilinff sulphur, 269. 

Beakers for rapid heating, 235. 

Bending torque, uniform, 187. 

Binoculars with prisms, 117. 

Boiling-point thermometei-s, 257-260. 

Borate flint, 98. 

Borate and phosphate glasses, 132. 

387. 
Borates, behaviour to water, 406. 
Boric acid lengthens red end, 9. 
Borosilicate 59"\ 21, 74, 221, 246, 254- 

•257, 260. 

— resistance to decomposition. 345, 

— and air thermometer, 250, 287, 288, 

•297. 

— an<i hydrogen thermometer, 402. 
Bottcher, depression formulae, 250- 

256. 
Bottles tested, 338, 341, 352. 
Bottles, long tests of, 355-357. 
Brass, expansion of, 166. 
Bravais on ray-curvature, 68. 
Brittleness, 179-181. 
Bubbles in glass-making, 17-19. 

Capillarity, Volkmann on, 320, 371. 
Carbonate of soda, attack by, 366. 
Carbonic acid, atmospheric, 348. 
Catalogue, 26-31. 

— revised, 387-393. 

— preface to, 5. 



Cemeoted donlilKte, 122 ilM. 
Cbat'puii. retluctioTi to nitrogen thvr- 

momeirr, ■2S3. 

to hydrogun icate, 298. 

ChemicBl bcb»viour of glua, 318^.171, 

' compared with coinp<iittinn. 33U. 

ChinmevB for mantle humeri, 2S6. 
Choisy U Boi gU™, H3. 
ChriatiuiBen. condnoting cclamo, IS)). 
Chromatic aberratiou in long tele- 

■cupea, 128-128. 

— diffcrenoeof magnificat ion, 8ti. 

ipberioal aberration, a». 

Collimators of apcctroKopcs, 141. 
CoUinear, ^'oigOil^dcr'a, KKi, 
Colour urobleuia, »Bli. 

Colour Uxta (or alkali, IfA »2», 

335. 
Colourt J ^liunos. 3!H 3BT- 
Commcroiial Kla»« cunipar«d. 33^ 
CoropcDwtcd aftorworkiDg, .1U0-3U4. 
Compeouting cyepioce, 86, 01. 
Compenaation veswtU, 22'!. 
Compontiil anaitigniatt, 104. 
Compound ^lawi 224<22H. 
ComprvEBiliility, VK. 
(.'oii'-.ivirv |iioiluoe<l by warming, 218. 
i\m..utn^hiM. 101. 
(.on-luaiiiycolninii, 20O. 
(V,i,,iii,'t'viiv, thermal, 190--2I5, 404. 

— aud >:onipatilioii, 212. 

— and iiidrx, 212. 

— (electrical) of kolution, :)40.3AI(. 
Conatant u( relraotiou. 61. 
Ccai»trlngeii<ie = t, 413. 
ConveatloD for ligni of radii, 109. 
Codt* triple objeutive, 134. 

Oorou, method lor Poiavdi'i ratio. IM. 
Cnfta, (undaaiuilal interval, 274. 
^Crmping np of aero at hltt^ tempera. 
turo, ■»! . 2»9. 
CriUiwl ampUtioation, R4, 
Craoibk. 15, 17. 
CmibinK. 1SI-1Q3, 412. 
CuUet, n. 
Curvatare of image, 90, 124. 

— raj. KH. 

Carved raya in ■ti-eeacil gloat, i'>7. 
Czai<ekl, 3.1, 71)73. 12tl. 
-— hietory ot teloei-iipH, 1 17. 
~ objeotLvv (Gauuloii), \W. 
~ ou chrtimatio errors, 131. 

[iformi posit ion by air and duit, 405. 

t.v « ..t-T. 320. 
K-LK >' L lounging it* valoe, 274. 
1 ). Ti.ii ^ ..imI cnaiposition, 147. 
IVjiii-'-ioti ..fMro, 230. 

— rcUtKni t<i uompuaitlon, 2W-247. 
Oepfounii riinstanl definwri, 239, 

— compnrpd wilJi other qoalitiee, '247. 



EX. 4tG 

DepreuioD in tonnii of tempeiature, 
250-2.W, 3B9~tOU. 

— formuiac, 253 258. 
D«pre««ibiUty ohanged hy heatiug, 271. 

— dependence on other qualities, 314- 

316. 
Uieloctrio conrtanM, STS-ISa 
DiUtometer, theory of, 29(). 
Dippel, microscopic t«sta. 91, 
f Hsu and rings in star imaife, 134, 
I )iBpenion, notation for, S4. 

— and absorption connected, 42. 

— inflnencsil by temperature. 57. 
Dispersion -en rTB for l/X* 45. 
Distilling water in vaoao, 3.58. 
Distortion of image, 9S. 
Diverging Uns-coubinatiuni, 1 IS. 
Diversity of Jena glsMeii, -H, 30. 
Doable refroctioo in itresaed ulass, 

70-7«, 406. 
Duable-star resolution. 134. 
Du Rois, Venlet's constant. 383. 
Ilurability (an tiufiirian«, hardarjn). 
DUTAX bIb», 398. 
t>usty decomposition, 405, 

Kinschlnns tliHiinnmater, 203. 
ElaidinJo ooid for i«oehenii>i. SOi. 
Elastic afUirwnrkiag, 3M. 

oompared with thermal, 310, 

Etwtkity, I5S, 
" Klaaticlty -number," IHS. 
Elaatie oonstaiita coaiparm), Itl3. 
Eleotrio conduoMvlty uf ralutiun, 349- 
3fiB, 

— diepetaion and aboorption, 38fl-3H3. 
Klliptie polarixation. 7t>'8l. 
tlnduroncc. thermal, 22fl.23H. 

— of sudden ooolliig, 231. 

— of sudden heating, 2:«. 

— against ufaemic*! attack, .166 371, 

40fi. 
Rnglish thermometer glass, 243. 



- of lii|iiid and envelope. 2) 
^tromu proiperties of n i 
glua. 193. 



Facility ot working, 31. 
Field glasses, 117. 
Field, magDetic. test pistes, 384. 
Finder eyepiece, 84, 
F^e-annMling. 16-17. 249, 286. 
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Fining, 17. 

Flasks tested, 343-348. 

Flexure with uniform torque, 187. 

Flexure and afterworking, 304. 

— for Young's modulus, 155. 
Fluor for objectives, 88-90. 

— plasticity of, 179. 
Fluorine, 10. 
Focal depth, 97. 

Focke, conductivity, 207-212, 404. 
Foerster, penetration by water, 327- 
Foppl, indentation of metals, 180. 
Formula, traditional, 342, 347. 
Fracture modulus, 173. 
Fraunhofer, 1, 4, 10. 

— telescope, 130. 

Fritsch, wide-angled apochromat, 100. 
Fundamental interval, 274. 

Gauge-tubes, 227, 345, 398. 
Gaussian objectives, 137-142. 
Gelatine, cleaning surface by, 79. 
Gerateglas, 235, 367-371. 
Glasses, list of, 26-31, 387-393. 
Glassmaking process, 15-18. 

— requirements, 8, 14. 
Goertz double anastigmat, 105. 
Goldstamp and greenstamp cylinders, 

236. 

Greiner, resistenzglas, 246. 

Gnitzniacher, thermometer compari- 
sons, 284-289. 

Guillaurae. depres^n formula, 253. 

Guinand, 1. 

Gundelach, X-ray tubes, 376. 

// = hardness, 175. 
Hand telescopes, 115. 
Harcourt, 2, 10. 
Hardness, 168-185. 

— absolute (Auerbach's), 175. 

— and composition, 178. 

-- and other properties, 1S3, 192. 

Hartglas, 226. 

Harting, cemented doublets, 123-124. 

— curvature and astigmatism, 125. 
Hartnack, anastigmat, KK). 
Heidelberg telescope, 1.33. 

Hertz on hardness, 169, 174, 184. 

High temperatures, maintaining, 284. 

High temperature, rise of zero at, 261- 
270. 

High temperature thermometer with 
nitrogen, 265-2(59. 

Hopkinson's titanium glass, II. 

Hot-water tests of glass, .S2t), 3.38-341, 
.345-34S. 

Hydrocliloric vapour, test l>y, 322. 

Hydrogen scale and mercury ther- 
mometer, 298-300, 400-403. 

Hygroscopic gain of weight, 357. 



Hyper- and hypo-chromatio, 37-38. 
HyperchroniAtic diverging lens, 109. 
Hypsometers, depression in, 257-260. 

Illumination, telescopic objectivei, 

118-122. 
Immersion objectives, 90, 92. 
Incandescent mantles, 2^. 
Iildentation-modulus, 172. 
Index and density, 61. 

— dispersion, 23-S^. 

Index and temperature, 57-66. 

— fine-cooling, 66. 
Infra-red dispersion, 39-46. 

— absorption, 52. 
Insulating power, 372. 
lod-eosin test, 32^. 

— and ether test, 335. 
Isothermals, 204-210. 

Jena glassworks, 1-22. 
Junghans, rotatory power, 384. 

k is lO*** for mercury, 351. 

Raempfer, collinear, 105. 

Kavalier's glass, 324, 333, 341, 345, 

370. 
Kelvin's equation, 228. 
. Kohlrausch, conductivity of aolntioD, 
349-359. 

— analysis of solution, 334. 

— on afterworking, 308. 
Kiinig, telescope objectives, 143. 
Korista, semi-apochromatic, 94. 
Kowalski, v., strength of glass, 154- 

155, 189. 
Krliger, temperature coefficients of 

conductivity, 404. 
Kniss, 138. 

Laboratory glass, 2.35, 367-371. 
Lamp chimneys, 236. 

— globes and shades, .397. 
Large objectives, 16, 121. 
Lead-glasses, and acids, 364. 
Leitz pantachromatics, 94. 
Lead spots, 405. 

Lemke, .')9^" and air thermometer, 288. 
Length of degree changing, 274. 
Lenu-likc action of quick-cooled discs, 

67. 
Levels corroded , 320. 
Light baryta flints, \00. 
Light-gathering power, 118-122. 
Lime diminishes solubility, 330. 
Lime-L'lass and acids, 362. 
Limit of linear compression, 185. 
Limiting pressure, 173. 
Liquid and envelope expanding, 289. 
Liquids for high temperatures, 284. 



ud iiipplomelitc, 114-19. 28 31, 

J7-393. 

imglkM, 1114. 

teleauoMH and chromatid foci, 
2a-\28. 

dieleatric disperaion, 381, 
ler. 9B. 107. 
ectire. I4i:j-U2. 

Uaoo's ratio, IHH, 

etic tjeld teat pUtra, 384. 

ification by ohjoc-live, 84. 

le, diUtomcterg, 29'2-'29H. 

lis, tbermomoter with platiaam 

ttlb, 317. 

Dirods lUind, ^I , 

i&U. 8- 10. 

uiiol properties, 11^.103. 

DQ pot, 17. 

iriu *Dc1 bydru^iKD tbermoineterB, 

98-300, 400-403. 

iry, expuiBion of, 892. 

B, turdneu of, 180. 

r'a apc»ehn>ra«tiv. M. 

cbimnoyft sod ulwa, ^T. 

photography, 87. 



le'* anutiemat, W. 

' glau, 397. 

iDrmal Mintions, 33G. 

1 alkali glonea, 213. 308, 310. 

lua (Young'i), IflS. 

' (cale of banlneia, 182. 

UromoDaphUialin inuiiersiau, 9i. 

liiig, IIS. I 

T, obaervalloDB On abaurptiun, 46. 

l«, 3-.>l-3'^(. 

i Foersler. 328 3.36. 

uttrlogeDce, 412. 

and old achnnuBlic*. !>9. 

Sa in uiArcury tliemniineters. 
, 267. Sfi». 
al and anomaloua doublvta, 90, 
mal lfaainioinet«r glau" 16"', 21, 
31.24fi. 
at 640\ 267. 
itickl aperture, 82. 

hcrmuinater glaaawi. 1243. 

RlM«.Sl»7. 

al i>r»p«rtlM, 23 81. 

•tigniatict. 107. 

luw thermoRietent. 290. 

inalcd waloF, t«h with. 34A-34S. 



1, condncUvlty. lUtt-JOH, VM, 
- -ruille, W. 

iwpv. U<>HlrlVM<r|{. IS3, 143 



Penotration of i 



t into gUa*. 334, 

PerfeoUng opUoal syBtemB, 82-144. 
Pennauence of railed i«ro, 268. 
Permittivity, 376-382. 
Pemet. depremioa formula, 253. 

— on observation of zero, 313- 
PboBphate and borate glaasra, 132, 387. 
Phoiphate crown. US. 

Phosphoric acid. II). 
Photograpbia gloues, 19. 

— objec'tivea, StB-lll. 
Piezuinethc experimenta, 306. 310. 
PUlning, 17- 

Plastic solid>, hardneoe. im. 
Plasticity and brittlonnHi, 174, I70-I<<.t 
Plate* for testing magnetic Helii, 38f 
Platinum bulb to tbermumotcr, 317. 

— efudble, l.^ 

Pockel*. optical etteeta of Mlvw. 406 

411. 
PoImoh'b ratio. I7IJ, 172, IRSlftf. 

ami uompoMtiou. 191. 

and hardnoH, IDS. 

Polarisation by (treawd glun, 70-76. 

Potariaed light, tcaitng by, 75. 

Poniplun, ^. 

Pomi'B prisma, 1 1 7. 

I'olaah oDil Duda gUu comparad, 330. 

Potsdam refractiT, 46, 120, 127-IAt, 



Practicarttatc ol glass vsaaels, 340-AKI. 

Pressed leiiMs, IS, 387. 

Preuure, limitinic, 173. 

Priniary and secondary image -eurtaew, 

oe. 

Priam -teleacopcs, 115-118. 

Projection. ay epiecea, 93. 

— obiectiTcs, 93. 

Pulfnch and Sellmeier, 46. 

Pulfriub, tetaperatnreanil indei, S7-a£. 

Purity of water, 2)1, 219, 359. 

Quadruple objevtive specified. 1 10. 
Quantitatire aaalyais aided, MO. 
Qoiokly eooled disci and cylinders, 
lHt-;4. 

H, ■'r«ducUonIactor,"3Bl. 

RatUI of Gurvature. ^ns of. 100 

Rare oarthi in glass, 374. 

Ray-nnion, order of, 87. 

Reading of thcnnotupler and o(>£ro,3I.T 

Kcod. teniperature and index, 62-66. 

IUil.!otian, loaa by, 47. 

Uiifraction of lines of How, 2USI. 

Keichcrt, aemiwipachromatio, 94, 

Keimerdes.exponotonof giaM,222-SM> 1 

Reinitier's teats of gerateglaa, 369^1. i 
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B«lkf ol staMM, 218» S78. 

lowan indoL, 06. 

niaasMn^ i!2, 

BeUeviag the objeotiTe, 80. 
BMUtanii^ 246, SSa. 
BMohitloii, Umitg 82-8S. 
Reiolviiig pow«r of telM0Ope» 110. 
RigidiW (j&qple), 102-ltt. 
Umie of oUondat oo sarfiMW, 982L 
Ring!, diffinustioii, 184w 
Riie of MTo (tea teeicfar), 261-874. 

— ezpUined by Sdiott, 872-274. 

— ocMDpiuNid mth dopwwion, 270l 
Book nit plMiio» 17£ 

RfinlgMi »y tmnmilMJop, 878-S76. 
Rowmhiiii, 412. 
Rom, oonoentrio lent, 101. 
Rubens nnd Simon, 80-41, 02. 
Rndolpb, astigmatinn, 07. 

— tripiefe, lOC 

— anastwDuiti, 102-106. 

— divttrfpig donUeti 118. 

Sand, Martinaiodak 21. 
Sandbath lor soro dfaaorrationa, 868. 
flatfittal aeotion of nandl, 86. 
SaBne aolntiona and g1aiB» 866. 
Soheel (aao Thi oa c n). ^ 
Sohattmer'a a<i1ii oiiiaUaatitnn, 86i. 
SchloaMar, h vdrcgen aoal6» 40O-4O8. 
Sohmidt^ pomriaation by reflaotibn, 

77. 
Schott, .3, 5. 

— paper read 1888, 8-10, 14-15. 

— early trial meltinffs, 14. 

thennometer glass, 20-22. 

-*aDd Winkelmann, 145, 217, 228. 

— compensated afterworking, 300. 
Schroeder, concentric lens, 101. 
Scbnlze, perfonnanoe of miorosoope, 

92. 
Scratcbing-hardness, 176-178, 182. 
Seasoning glass vessels, 339. 

— bigh - temperatare tbermometera. 

Secondary spectrum, 33-36. 
Secular rise of zero, 239, 248, 260. 
Sell (see Thiesen). 
Sellmeier, 46. 
Semi-apochromatics, 94. 
Sensitive layer, 226. 
Separating power, 82, 119. 
Setting under water, 328, 369. 
Sbearing, resistance to, 192. 
Sbrinkage in combining, 147. 
Simon and Rubens, 39-41, 52. 
Skin coming off glass, 327. 
Soakage into glass, 327, 406. 
Soda carbonate attacking glass, 366. 
Soda-equivalent of alkali, 336. 
Softening point, 16, 65. 



Sointion from gliiw, 122 88BL 
Bpaolfio hMtk lM-100. 

and oompodtiflp, 199-192. 

Qpaotramaifeary Abb^ai SlL 
8peatropliolQm«feer» 40L 

oMootiirM, 107-111. 

8tandaida-€ommlMion» M8; 8M. 
Startmigaa, 184. 
Star-apaolram t a at> 129. 
Starke, pennittivity meUiDd, 98L 
Staa, 8)a« need Iqr, 819, 944^ 88L 
StflraoaeoDio fainoonlar. 118L 
Stirring tne melting, 17. 
Stokea and Hiummrt, & 
Strain (aee 9irea$). 
Stnnbel, 186-108, 216. 
Strength of glaaa, 149-166. 

— aiCeted qr temperatare, 166. 

— againat pml and throat, 152-168. 

— in flemre and toraioB, 16&. 
Streaa affisota eaqpanaibi%r 217, 276. 

— relieved by heating, 272. 

— in thennometer atem, 272. 

— optioal effeota of, 66-76, 406-411. 
Stripping off gelatine, 79. 
Snl^nr, boilmg, 969, 879. 
Snlphnrio aoid vaponr, 866. 
Samoa oondnotion, 814^ 

Tangent law for flow, 205. 

Tapping and elastic afterworking, .S05. 

Taylor on objectives, 127. 

— triple objective, 134-137. 
Teleobjectives, 114. 
Telescopes, 115-144. 
Temperature and index, 57-66. 

— and solubility, 355. 
Tenacity and composition, 149-151. 
Tensile strength, 149. 

Tertiary spectrum, 34. 
Test by star spectrum, 129. 
Test objects, microecM^c, 01. 
Thermal endurance, 228-238. 

— properties, 194-2i38. 
Thermally bad, elasticall]^ bad, 314. 
Tbermo-elastic afterworking, 162, 316. 
Thennometer glass, 20-22, ^5-257 (see 

normal, borosUicaU^ baryta borosUi- 

caUt verre dur). 
Thermometer-glass expansions, 220- 

221. 
Thermometers, comparison of, 275-280. 

— and air thermometers, 280-288. 
hydrogen thermometers, 298-300, 

400-403. 
Thermoregulator, 16. 
Thiesen, relative expansion, 289-290. 

— Scheel, and Sell, 220, 275, 290. 
Thomson, James, ray curvature, 68. 
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Thuringuui glw, 21 , 240. -248, 262, 2S8, 

260-264, 306, 308, 325. 
"ntanic kcid, 10. 
Titration, 335 336. 
ToDDelot thennomct«ii. 243. 
Tonioniil ofterworking, 307. 
Torsion »nd flemre compared, 154-155. 
Toughened Isy er, 220. 
— glaaa, 226. 

Triple objective apecified, 109. 
TuSei (water g&uge), 227, 345, 308. 

Ultra .violet diiperaion and abaorption, 

41-49. 
Unsnne^ed diaca acting like le 



Vordet < 

Verrr. dur, -Jdlt. 244, 248, 250, '253 256. 
Vogel and MllUer, abaorptjoii, 46-52. 
Vogel, chrontatic aberration, 127, 129- 
132. 

— large ubjeolives, 120-1^ 
Voigt, method of isothennalB, 204. 
Voiglianiler, 101. 

— ooUinear. lOS. 
Volume-elasticit)', 192193. 

Water, the pureet, 339. 

— preiervBtioa of pure, 211, 21S. 
Water-gauge tubes, 227, -34^, 398. 
Water-gtuu, 328-330. 

— Httioa of, 3-28. 
Weathering of glua, 348. 
~ leated by conductivity. 

Weber, depreuion and oorapoMtiou, 
240. 

— tertofiDMcptlbility, i&l. 



Waidniann, olaatic atlcrworking, 304- 

311. 314. 
WGight-thermometer, 290. 
Wheatatone'a bridn, 363. 378. 
M'ide-angled apocoromat. 100. 
Wiebe, oomparisoii with air thermo. 



My. 



- depreeaiou and composition, 242-2'! 

- riae of zero, 261-269. 



WinkelmaoD, coDdoctirily. 199, 20.1 

211-215. 
WinkelmaQn. expansion. 21 A. 

— apaciHc heat. IM-IIIO. 

— and Sohott. 146, 217. i»- 

— and »traubel, 373. 
Withstanding heat cbaooH. 228 23S. 

— ehemlcal attack, 3««-t7l. 
Wolf on Fanly teleaoope, 1.11-1.14. 

X-rajB. traniq)»rcncy to. 373 376. 



Young's modulus. IS5-160. 

at high t«nii>eratura. lB0-tS8. 

and composition. 159-180. 

7.eiss, 7. 20. 

— luicroaoopia objectives, 90, 

— telescopic. 143-114. 

Zero (soc rue, dtprtuitm, teular). 
Zinc borate ol extreme propcrtlea. 



193. 



Zillion 



lo X raya, 37fi. 
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